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SOIL  MECHANICS 


Theoretical:  2hrs/week;  Tutorial:  lhrs/week;  Laboratory:  2hrs/week. 


First  semester 


No 

Title 

hr 

l 

Introduction,  Soil  formation,  Composition  and  Description  of  individual  Soil 

Particles. 

3 

2 

Physical  Relationships  (Phase  relationships). 

6 

3 

Nature  of  Water  in  Clay,  Consistency  and  Atterberg  Limits 

6 

4 

Particle  Size  Distribution 

3 

5 

Soil  Classification  (AASHTO  and  Unified). 

3 

6 

Soil  Compaction 

3 

7 

Seepage,  One  Dimensional  Flow,  Permeability,  Two  Dimensional  Flow,  Flow  net 

6 

Second  semester 


No 

Title 

hr 

8 

Stresses  within  a Soil  Mass,  Total  and  Effective  Stresses. 

12 

9 

Compressibility  of  Soils,  Theory  of  Consolidation,  Odometer  Test,  Consolidation 

Settlement 

12 

10 

Shear  Strength  of  Soils,  Coulomb  Shear  Strength  Equation 

6 

References 


1-  Craig  R.  F,  (2004),  “Craig's  Soil  Mechanics”,  Seventh  Edition,  Department  of  Civil  Engineering, 
University  of  Dundee  UK,  Taylor  & Francis  Group. 

2-  Braja.  M.  Das,  (2007):  “Advanced  Soil  Mechanics  ”,  Third  Edition,  Taylor  & Francis  e-Library. 

3-  Braja.  M.  Das,  (2006):  "Principles  of  geotechnical  Engineering”,  Fifth  Edition,  Nelson,  a division 
of  Thomson  Canada  Limited. 


Water  Resources  and  Hydraulic  Structures 
University  of  Kufa 


1 Dept. 


Faculty  of  Engineering, 


Soil  Mechanics  Lectures/  3rd  year 


Dr.  Tawfek  Sheer  Ali 


Unit  Conversion  Table 


To  convert  from 

to 

Multiply  by 

1 

in 

m 

0.0254 

2 

ft 

m 

0.3048 

3 

in2 

mm2 

645.16 

4 

ft2 

m2 

0.092903 

5 

in3 

m3 

16.36*  106 

6 

ft3 

m3 

28.3 16*  103 

7 

Quarter(U.S)  liquid 

Liter 

0.94635 

8 

Gallon  (U.S  liquid) 

m3 

3.875*10"3 

9 

in4 

cm4 

41.62 

10 

cm4 

m4 

1*10 8 

11 

ft4 

m4 

8.36*  lO3 

12 

gram 

Dyne 

980.665 

13 

kg 

N 

9.8066 

14 

lb 

Kg 

0.45359 

15 

Kips  (1000  lbs) 

kN 

4.448 

16 

Kip/ft 

kN/m 

14.5939 

17 

Ib/ft 

kg/m 

1.488 

18 

kg/m2 

N/m2 

Pascal 

9.8066 

19 

kg/cm2 

kN/m2 

Kpascal 

98.066 

20 

Kip/ft2 

kN/m2 

47.88 

21 

Ib//in2(psi) 

kN/m2 

6.894 

22 

Ib.in  (torque) 

N.m 

0.112985 

23 

Ib.ft 

N.m 

1.3558 

24 

Kip.ft 

kN.m 

1.3558 

25 

ft.Ib(energy) 

Joule 

1.3558 

26 

Cal/g 

Joule 

4.1868 

27 

Ib/ft3 

kg/m3 

16.01846 

28 

Kip/ft3 

kN/m3 

157.0876 

29 

g/cm3 

Ib/ft3 

62.427 

30 

g/cm3 

kN/m3 

9.8066 
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SOIL  MECHANICS 
Unit  One 

Basic  characteristics  of  soils 
1.  THE  NATURE  OF  SOILS: 


To  the  civil  engineer,  soil  is  any  uncemented  or  weakly  cemented  accumulation  of  mineral  particles 
formed  by  the  weathering  of  rocks,  the  void  space  between  the  particles  containing  water  and/or  air. 
Weak  cementation  can  be  due  to  carbonates  or  oxides  precipitated  between  the  particles  or  due  to 
organic  matter.  If  the  products  of  weathering  remain  at  their  original  location  they  constitute  a residual 
soil.  If  the  products  are  transported  and  deposited  in  a different  location  they  constitute  a transported 
soil,  the  agents  of  transportation  being  gravity,  wind,  water  and  glaciers.  During  transportation  the  size 
and  shape  of  particles  can  undergo  change  and  the  particles  can  be  sorted  into  size  ranges.  In  British 
Standards  the  size  ranges  detailed  in  Figure  (1)  are  specified.  In  Figure  (1)  the  terms  ‘clay’  , ‘silt 
, etc.  are  used  to  describe  only  the  sizes  of  particles  between  specified  limits. 
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Fig.  1:  Particle  size  ranges. 


2.  PHASE  REL ASHIONSHIPS : 


Soils  can  be  of  either  two-phase  or  three-phase  composition.  In  a completely  dry  soil  there  are  two 
phases,  namely  the  solid  soil  particles  and  pore  air.  A fully  saturated  soil  is  also  two  phase,  being 
composed  of  solid  soil  particles  and  pore  water.  A partially  saturated  soil  is  three  phase,  being 
composed  of  solid  soil  particles,  pore  water  and  pore  air.  The  components  of  a soil  can  be  represented 
by  a phase  diagram  as  shown  in  Figure  2 (a).  The  following  relationships  are  defined  with  reference 
to  Figure  2 (a). 


Volume  Mass 


111 


Volume 


Miss 


Fig.  2:  Phase  diagram 
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The  water  content  (w),  or  moisture  content  (m),  is  the  ratio  of  the  mass  of  water  to  the  mass  of  solids 
in  the  soil,  i.e. 

A/w 


W 

The  degree  of  saturation  (Sr  or  S ) is  the  ratio  of  the  volume  of  water  to  the  total  volume  of  void  space, 
The  degree  of  saturation  can  range  between  the  limits  of  zero  for  a completely  dry  soil  and  1 (or  100%) 
for  a fully  saturated  soil  i.e. 

K 

yv 

The  void  ratio  ( e ) is  the  ratio  of  the  volume  of  voids  to  the  volume  of  solids,  i.e.  e = — T 

¥ ft 

y 

The  porosity  (n)  is  the  ratio  of  the  volume  of  voids  to  the  total  volume  of  the  soil,  i.e.  n — — 

n 


The  void  ratio  and  the  porosity  are  inter-related  as  follows:  e = n = 

1 - n I + e 

The  specific  volume  (v)  is  the  total  volume  of  soil  which  contains  unit  volume  of  solids,  i.e.  y — I + 


The  air  content  or  air  voids  (A)  is  the  ratio  of  the  volume  of  air  to  the  total  volume  of  the  soil,  i.e.  a = — 

V 

M 

The  bulk  density  ( p ) of  a soil  is  the  ratio  of  the  total  mass  to  the  total  volume,  i.e.  p — — 

Convenient  units  for  density  are  kg/m3  or  Mg/m3.  The  density  of  water  (1000  kg/m3  or  Mg/m3)  is 
denoted  by  pw. 

The  specific  gravity  of  the  soil  particles  (G.<)  is  given  by  Gs 


ps 


¥ spw  Pw 

From  the  definition  of  void  ratio,  if  the  volume  of  solids  is  1 unit  then  the  volume  of  voids  is  e units. 
The  mass  of  solids  is  then  Gs_w  and,  from  the  definition  of  water  content,  the  mass  of  water  is  wGspw 
. The  volume  of  water  is  thus  wGs.  These  volumes  and  masses  are  represented  in  Figure  2(b).  The 
following  relationships  can  now  be  obtained. 


The  degree  of  saturation  can  be  expressed  as: 
wGs 


ST  = 


e 


In  the  case  of  a fully  saturated  soil,  Sr  =1;  hence  e = wGs 

e — tvGs 


The  air  content  can  be  expressed  as  A = 
from  n — — — and  ST  - 


I +e 


1 +e 

A — n{  \ ~ Sr) 


and 


Gs(l  +iv) 


-pw 


P = 


Gs  + St£ 


-Pw 


1 


Gs  + Sre 


1 +e  ' 1 +e  ' 1 + e 

For  dry  soil  Sr  = 0 and  for  fully  saturated  soil  S,  = 1 


Gs(  1 + w) 

7=  TT^7w 
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where  yw  is  the  unit  weight  of  water.  Convenient  units  are  kN/m3,  the  unit  weight  of  water  being  9.81 
kN/m3  (or  10.0  kN/m3  in  the  case  of  sea  water).  When  a soil  in  situ  is  fully  saturated  the  solid  soil 
particles  (volume:  1 unit,  weight:  Gsyw ) are  subjected  to  upthrust  (yw).  Hence,  the  buoyant  unit  weight 
( y')  is  given  by 


~ 7w 

I +e 


Gs~  1 
I +<? 


Soil 

G, 

Gravel 

2.65-2.68 

Sand 

2.65-2.68 

Sill,  inorganic 

2.62-2.68 

Clay*  organic 

2.58-2.65 

Clay,  inorganic 

2.68-2.75 

7W  i = 7sai  - 7w 


Derivation  is  as  follows 


e = 


v. 


■ void  ratio 


e = 


vv 


V - Vv 
Vv  1/v 


e = 


v - Vv  1/v 

VJV 


1 - Vv/V 
n 

e = (okay!) 

1 — n 


n = Vv  / V 


n = 


Vv 


> porosity 


v„ 


n = 


vt  4-  Vv 


v„ 


i/v; 


n = 


n = 


n ■ 


v;+v;  l/v; 

Vv/V, 

1 + VJV, 


e = Vv/Vs 


1 + e 


(okay!) 


Natural  moisture 


Void 
ratio,  e 

content  in  a 
saturated 
state  [%) 

Dry  unit  weight,  yd 

Type  of  soil 

lb  /ft3 

kN/m3 

Loose  uniform  sand 

0.8 

30 

92 

14.5 

Dense  uniform  sand 

0.45 

16 

115 

18 

Loose  angular-grained 
silly  sand 

0.65 

25 

102 

16 

Dense  angular-grained 
silty  sand 

0.4 

15 

121 

19 

Stiff  clay 

0.6 

21 

108 

17 

Soft  clay 

0.9 -1.4 

30-50 

73-93 

11.5-14.5 

Loess 

0.9 

25 

86 

13.5 

Soft  organic  clay 

2.5 -3.2 

90-120 

38-51 

6-8 

Glacial  till 

0.3 

10 

134 

21 

Example  1: 


In  its  natural  condition  a soil  sample  has  a mass  of  2290 g and  a volume  of 
1 , 15  x 10_3m3.  After  being  completely  dried  in  an  oven  the  mass  of  the  sample  is 
2035  g.  The  value  of  Gs  for  the  soil  is  2.68.  Determine  the  bulk  density,  unit  weight, 
■water  content,  void  ratio,  porosity,  degree  of  saturation  and  air  content. 

Bulk  density,  p = ^ ^ ^0_3  = 1 990  kg/m 3 ( 1 ■"  Mg/m3) 

Unit  weight,  7 ^ 1990  x 9.8  = 19  500N/m3 

= 19.5  kN/m3 
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Water  content,  w 


2290  - 2035 
2035 


0.125  or  12.5% 


From  Equation  1.17, 

Void  ratio,  e = Gs(l+tv)  — — I 

P 

- i 2.68  x 1 . 1 25  x 


( 


1000 

1990 


= 1.52-1 
= 0.52 


Porosity,  n = 


0.52 


\+e  1.52 


Degree  of  saturation,  Sr  = 


0.34  or  34% 


m.'G«  0.125x2.68 


e 0.52 

Air  content,  A — n(  1 — ST ) - 0.34  x 0.355 

= 0.121  or  12.1% 


0.645  or  64.5% 


Example  2: 

The  saturated  unit  weight.  ym,  of  a soil  is  19.5  kN/nr\  and  the  specific  gravity  i 
soil  solids  is  2.65. 

a.  Derive  an  expression  for  y((  in  terms  of  ysa(,  yM„  and  Gs. 

b.  Using  the  expression  derived  in  part  (a),  determine  the  dry  unit  weight  < 
the  soil. 


Solution 

a.  From  Eq.  (3.19), 


Tsai 


+ elir 

1 + e 


Tsai  y it 


\+e  y“'  ~ l+e 


yJP,  - 1 
1 + e 


y<t,(Ga  ~ 1)C,  _ y,,(fi-1) 
(1  + e)G>  ' ’ G, 


or 


7d  “ 


(y«i " yM 

ct-  r 


b.  Given  that  ysat  = 19.5  kN/mA  and  Gs  = 2.65, 


(y«  - yM  = (19.5  - 9.81)(2.65) 
G,  - 1 2.65  - 1 


15.56  kN/m5 
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Example  3: 


In  its  natural  state,  a moist  soil  has  a volume  of  0.33  ft3  and  weighs  39.93  lb.  The 
oven-dried  weight  of  the  soil  is  34.54  lb.  If  Gs  = 2.67,  calculate 

a.  Moisture  content  (%) 

b.  Moist  unit  weight  (lb /ft3) 

c.  Dry  unit  weight  (lb/ft?) 

d.  Void  ratio 

e.  Porosity 

f.  Degree  of  saturation  ( %) 

Solution 

a. 


b. 


39.93  --  34.54 
34.54 


(100)  = 15.6% 


y = 


w_ 

V 


39.93 

0.33 


= 121  lb/ft3 


c. 


W,  34.54 

ytt  = — 1 =■  — r = 104.7  lb/ft3 
r,i  V 0.33 


d.  The  volume  of  solids  is 

Wr 


V, 


34.54 


0.207  ft3 


Gryw  (2.67)  (62.4) 

Thus, 

Vv  « V - = 0.33  - 0.207  = 0.123  ft3 

The  volume  of  water  is 

Ww  39.93  - 34.54 


V“  y.  62.4 

Now,  refer  to  Figure  3.7.  From  Eq.  (3.3), 

Vv  0.123 


= 0.086  ft3 


e — 


e. 


f. 


n 


K 0.207 

Vv  _ 0.123 
V ~ 0.33 


= 0.59 


= 0.37 


S = 


K = 0.086 
Vv  0.123 


= 0.699  - 69.9% 
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Example  4:  A soil  specimen  is  38  mm  in  diameter  and  76  mm  long  and  iu  natural 
condition  weighs  168  gm  when  dried  completely  in  an  oven  the  specimen  weighs  130.5 
gm.  The  value  of  Gs  = 2.73  . what  is  the  degree  of  saturation  of  the  specimen? 


Solution:  Dia  = 38  mm  = 3.8  cm 
L=  76  mm  = 7.6  cm 


3.8  , 

vt  = (— )2tt  * 7.6  = 86.192  cm 3 

mw  — 168  — 130.5  — 37.5  gm 
37.5 


— 37.5  cm 3 


w. 


130.5 


Gs  * Yw  2-73  * 1 


— 47.8  cm3 


Vv=  V- Vs  = 86. 192  -47.8=  38.39 gm 
S=  V, yVv=  37.5/38.39=  0.97=  97  % 


Example  5:  Given  mass  of  wet  sample  = 254  gm.  void  ratio  = 0.6133,  volume  of  air  = 1.9 

■a 

cm  , mass  of  solid  =210  gm.  Determine  degree  of  saturation,  air  content  and  dry  unit 
weight. 


Solution:  mt  = 254  gm.  ms  = 210  g 


-►tti  w = 254  — 210  = 44  gm 


777 


44 

— — =44  cm3 
1 


S = 


v,. 


vv  = vw  + va=  44  + 1.9  = 45.9 
0.6133  = — -»  v,  = 74  CJ773 

vs 

44  0.6133 

4M  = 95*  - ‘4  = ’!(1-s)=ITa6l33(1'l,'95) 

= 0.019 


771  c 


Pdry  — 


Vt 


vt  = vw  + v(lir  + vs  = 44  + 1.9  + 74.84  — 120  cm3 


" Pdry  ~ 


210 

120 


= 1.75 


gm 


C 771 J 


Ydry  = 17.5  kN/m~ 
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3.  PLASTICITY  OF  FINE  SOILS 


Plasticity  is  an  important  characteristic  in  the  case  of  fine  soils,  the  term  plasticity  describing  the  ability 
of  a soil  to  undergo  unrecoverable  deformation  without  cracking  or  crumbling.  In  general,  depending 
on  its  water  content  (defined  as  the  ratio  of  the  mass  of  water  in  the  soil  to  the  mass  of  solid  particles), 
a soil  may  exist  in  one  of  the  liquid,  plastic,  semi-solid  and  solid  states.  If  the  water  content  of  a soil 
initially  in  the  liquid  state  is  gradually  reduced,  the  state  will  change  from  liquid  through  plastic  and 
semi-solid,  accompanied  by  gradually  reducing  volume,  until  the  solid  state  is  reached.  The  water 
contents  at  which  the  transitions  between  states  occur  differ  from  soil  to  soil.  In  the  ground,  most  fine 
soils  exist  in  the  plastic  state.  Plasticity  is  due  to  the  presence  of  a significant  content  of  clay  mineral 
particles  (or  organic  material)  in  the  soil.  The  void  space  between  such  particles  is  generally  very  small 
in  size  with  the  result  that  water  is  held  at  negative  pressure  by  capillary  tension.  This  produces  a 
degree  of  cohesion  between  the  particles,  allowing  the  soil  to  be  deformed  or  moulded.  Adsorption  of 
water  due  to  the  surface  forces  on  clay  mineral  particles  may  contribute  to  plastic  behaviour.  Any 
decrease  in  water  content  results  in  a decrease  in  cation  layer  thickness  and  an  increase  in  the  net 
attractive  forces  between  particles.  The  upper  and  lower  limits  of  the  range  of  water  content  over  which 
the  soil  exhibits  plastic  behaviour  are  defined  as  the  liquid  limit  (vvl)  and  the  plastic  limit  (vvp), 
respectively. 

The  water  content  range  itself  is  defined  as  the  plasticity  index  (7p),  i.e.: 

Ip  = H'l  — H'p 

However,  the  transitions  between  the  different  states  are  gradual  and  the  liquid  and  plastic  limits  must 
be  defined  arbitrarily.  The  natural  water  content  (w)  of  a soil  (adjusted  to  an  equivalent  water  content 
of  the  fraction  passing  the  425 -pm  sieve)  relative  to  the  liquid  and  plastic  limits  can  be  represented  by 
means  of  the  liquidity  index  (/l),  where 

w — wp 
1l~ — I 

Ip 

The  degree  of  plasticity  of  the  clay-size  fraction  of  a soil  is  expressed  by  the  ratio  of  the  plasticity 
index  to  the  percentage  of  clay-size  particles  in  the  soil:  this  ratio  is  called  the  activity. 

The  transition  between  the  semi-solid  and  solid  states  occurs  at  the  shrinkage  limit,  defined  as  the 

water  content  at  which  the  volume  of  the  soil  reaches  its  lowest  value  as  it  dries  out. 

Atterberg,  a Swedish  scientist  developed  a method  for  describing  the  limit  consistency  of  fine  grained 
soils  on  the  basis  of  moisture  content.  These  limits  are  liquid  limit,  plastic  limit  and  shrinkage  limit. 
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Liquid  limit  (L.L): 

is  defined  as  the  moisture  content  in  percent  at  which  the  soil  changes  from 

liquid  to  plastic  state. 

he  moisture  contents  in  % at  which  the  soil  changes  from  plastic  to 

Plastic  Limit  (P.L.) 

: n 

semi  solid  state. 

Shrinkage  Limit  (S.L.) 

: The  moisture  contents  in  % at  which  the  soil  changes  from  semi  solid 

to  solid  state. 

Plasticity  Index  (P.L): 

it  is  the  range  in  moisture  content  when  the  soil  exhibited  its  plastic 

behavior: 


PI  = LL-  PL 


Liquidity  Index  (L.I.  or  IL) : a relation  between  the  natural  moisture  contents  (vvn)  and  (L.L.) 
and  (P.L.)  in  form: 


LL-PL 

If  LI  > 1 Then  the  soil  at  Liquid  state 
If  LI  = 1 then  the  soil  at  L.L. 

If  LI  < 1 then  the  soil  below  L.L. 

Activity:  is  the  degree  of  plasticity  of  the  clay  size  fraction  of  the  soil  and  is  expressed  as: 


Activity  = 


P.l 

% of  clay  size  particles 


Ajjall  j UK  UlUill  j UK 


Relative  Density:  is  the  ratio  of  the  actual  density  to  the  maximum  possible  density  of  the  soil 
it  is  expressed  in  terms  of  void  ratio. 

RD(% ) = enu,*~en  » 10Q 

& max  &min 


Or 


RD(%)  = 


Ydmax  , 

* 

Ydn 


ydn~ydmin  * ioo 

Ydmax—  Ydmin 


emax:  The  void  ratio  of  the  soil  in  its  loosest  condition 
emin\  The  void  ratio  of  the  soil  in  its  densest  condition 
en\  The  void  ratio  of  the  soil  in  its  natural  condition 
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Ydmax-  Maximum  dry  unit  weight  (ute,mn) 
Ydmin • Minimum  dry  unit  weight  (atemax) 
Yan : Natural  dry  unit  weight  (aten ) 


RD 

Description 

0 - — 

3 

loose 

1 2 

3 _ 3 

medium 

2 

a"  1 

Dense 

Example  1:  for  a granular  soil,  given,ydry  = 17.3—,  relative  density  = 82%, 

a)  = 8%  and  Gs  = 2.65.  If  emin  = 0.44  . what  would  be  emax  ? what  would 
be  the  dry  unit  weight  in  the  loosest  state? 

Solution: 


Ydry  = 


l+e*. 


■*  10 


17.3  = — * 10 

l+e„ 


•••  = 0.53 


RD  = 


cmax  cmin 


*100 


0.82  = 053 
emax~  0.44 


e = 0 94 

c max  u.y-r 


•••  Ydry  (at  loosest)  = yw  = 

^ ^ max 

= 13.65  kN/m3 


2.65 


1 + 0.94 


* 10 


Example  2:  a granular  soil  is  compacted  to  moist  unit  weight  of  20.45  kN/m 3 
at  moisture  content  of  18%  . What  is  relative  density  of  the  compacted  soil? 
Given,  emax  = 0.85  , emin  = 0.42  and  Gs  = 2.65  ? 

Solution: 


Y = 


l+e„ 


Yw 


20.45 


2.65(1+0.18)  . . 

* 10 

1+e 


:•  en  = 0.52 


> RD 


emax  en 

e max— e min 


RD  = 


0.85-0.52 


0.85  - 0.42 


* 100  = 76.74% 
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4.  Soil  description  and  classification; 

It  is  essential  that  a standard  language  should  exist  for  the  description  of  soils.  A comprehensive 
description  should  include  the  characteristics  of  both  the  soil  material  and  the  in-situ  soil  mass. 
Material  characteristics  can  be  determined  from  disturbed  samples  of  the  soil,  i.e.  samples  having  the 
same  particle  size  distribution  as  the  in-situ  soil  but  in  which  the  in-situ  structure  has  not  been 
preserved.  The  principal  material  characteristics  are  particle  size  distribution  (or  grading)  and 
plasticity,  from  which  the  soil  name  can  be  deduced.  Particle  size  distribution  and  plasticity  properties 
can  be  determined  either  by  standard  laboratory  tests  or  by  simple  visual  and  manual  procedures. 
Secondary  material  characteristics  are  the  colour  of  the  soil  and  the  shape,  texture  and  composition  of 
the  particles.  Mass  characteristics  should  ideally  be  determined  in  the  field  but  in  many  cases  they  can 
be  detected  in  undisturbed  samples,  i.e.  samples  in  which  the  in-situ  soil  structure  has  been  essentially 
preserved.  A description  of  mass  characteristics  should  include  an  assessment  of  in-situ  compactive 
state  (coarse  soils)  or  stiffness  (fine  soils)  and  details  of  any  bedding,  discontinuities  and  weathering. 
The  arrangement  of  minor  geological  details,  referred  to  as  the  soil  macro-fabric,  should  be  carefully 
described,  as  this  can  influence  the  engineering  behaviour  of  the  in-situ  soil  to  a considerable  extent. 
Examples  of  macro-fabric  features  are  thin  layers  of  fine  sand  and  silt  in  clay,  silt-filled  fissures  in 
clay,  small  lenses  of  clay  in  sand,  organic  inclusions  and  root  holes.  The  name  of  the  geological 
formation,  if  definitely  known,  should  be  included  in  the  description;  in  addition,  the  type  of  deposit 
may  be  stated  (e.g.  till,  alluvium,  river  errace),  as  this  can  indicate,  in  a general  way,  the  likely 
behaviour  of  the  soil.  It  is  important  to  distinguish  between  soil  description  and  soil  classification.  Soil 
description  includes  details  of  both  material  and  mass  characteristics,  and  therefore  it  is  unlikely  that 
any  two  soils  will  have  identical  descriptions.  In  soil  classification,  on  the  other  hand,  a soil  is  allocated 
to  one  of  a limited  number  of  groups  on  the  basis  of  material  characteristics  only.  Soil  classification  is 
thus  independent  of  the  in-situ  condition  of  the  soil  mass.  If  the  soil  is  to  be  employed  in  its  undisturbed 
condition,  for  example  to  support  a foundation,  a full  soil  description  will  be  adequate  and  the  addition 
of  the  soil  classification  is  discretionary.  However,  classification  is  particularly  useful  if  the  soil  in 
question  is  to  be  used  as  a construction  material,  for  example  in  an  embankment.  Engineers  can  also 
draw  on  past  experience  of  the  behaviour  of  soils  of  similar  classification. 


Ba s-i c characteristics  of  soils 


Composite  types  of  coarse  soil 


Slightly  sandy  GRAVEL 

Sandy  GRAVEL 

Very  sandy  GRAVEL 

SAND  and  GRAVEL 

Very  gravelly  SAND 

Gravelly  SAND 

Slightly  gravelly  SAND 

Slightly  silty  SAND  (and/or  GRAVEL) 

Silty  SAND  (and/or  GRAVEL) 

Very  silty  SAND  (and/or  GRAVEL) 
Slighdy  clayey  SAND  (and/or  GRAVEL) 
Clayey  SAND  (and/or  GRAVEL) 

Very  clayey  SAND  (and/or  GRAVEL) 


Up  to  5%  sand 

S-20%  sand 

Over  20%  sand 

About  equal  proportions 

Over  20%  gravel 

S-20%  gravel 

Up  to  5%  gravel 

Up  to  5%  silt 

S-20%  silt 

Over  20%  silt 

Up  to  5%  clay 

S-20%  clay 

Over  20%  day 


Notes 

Terms  such  as  'Slightly  clayey  gravelly  SAND'  (having  less  than  5%  clay  and  gravel) 
and  "Silty  sandy  GRAVEL'  (having  S-20%  silt  and  sand)  can  he  used,  based  cm  the 
above  proportions  of  secondary  constituents. 


4.1  Grain  size  distribution  curve 
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In  soil  mechanics,  it  is  virtually  always  useful  to  quantify  the  size  of  the  grains  in  a type  of  soil.  Since 
a given  soil  will  often  be  made  up  of  grains  of  many  different  sizes,  sizes  are  measured  in  terms  of 
grain  size  distributions.  Grain  size  distribution  (GSD)  information  can  be  of  value  in  providing  initial 
rough  estimates  of  a soil’s  engineering  properties  such  as  permeability,  strength,  expansivity,  etc. 
When  measuring  GSDs  for  soils,  two  methods  are  generally  used: 

First  for  grains  larger  than  0.075mm  sieving  is  used  and  the  Second  for  grains  in  the  range  of 
0.075mm  > D > 0.5pm,  the  hydrometer  test  is  used. 

Sieve  analysis  is  one  of  the  oldest  methods  of  size  analysis.  Sieve  analysis  is  accomplished  by  passing 
a known  weight  of  sample  material  successively  through  finer  sieves  and  weighing  the  amount 
collected  on  each  sieve  to  determine  the  percentage  weight  in  each  size  fraction.  Sieving  is  carried  out 
with  wet  or  dry  materials  and  the  sieves  are  usually  agitated  to  expose  all  the  particles  to  the  openings. 
The  process  of  sieving  may  be  divided  into  two  stages. 

First,  the  elimination  of  particles  considerably  smaller  than  the  screen  apertures,  which  should  occur 
fairly  rapidly  and,  second,  the  separation  of  the  so-called  "near-size"  particles,  which  is  a gradual 
process  rarely  reaching  final  completion. 

The  effectiveness  of  a sieving  test  depends  on  the  amount  of  material  put  on  the  sieve  (the  "charge") 
and  the  type  of  movement  imparted  to  the  sieve. 

Test  sieves  are  designated  by  the  nominal  aperture  size,  which  is  the  nominal  central  separation  of 
opposite  sides  of  a square  aperture  or  the  nominal  diameter  of  a round  aperture. 

The  woven  sieve  is  the  oldest  design,  and  it  is  normally  made  by  weaving  fine  metal  wire  into  a square 
pattern,  then  soldering  the  edges  securely  into  a flattish  cylindrical  Container. 

Woven-wire  sieves  were  originally  designated  by  a mesh  number,  which  referred  to  the  number  of 
wires  per  inch,  which  is  the  same  as  the  number  of  square  apertures  per  square  inch. 

The  table  shows  the  standard  sieve  sizes  used  in  sieve  analysis  test. 

Table  U.S.  standard  sieves 


Sieve  no. 

Opening  size,  mm 

3 

6.35 

4 

4.75 

6 

3.36 

8 

2.38 

10 

2.00 

16 

1.19 

20 

0.84 

30 

0.59 

40 

0.425 

50 

0.297 

60 

0.25 

70 

0.21 

100 

0.149 

140 

0.105 

200 

0.075 

270 

0.053 
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There  are  several  ways  in  which  the  results  of  a sieve  test  can  be  tabulated.  One  of  these  ways  is  shown 
in  the  table  below: 


sample  mass  =500  gm 

Sieve 

No. 

seive 

diameter 

(mm) 

mass 

retained 

(gm) 

percentage 

retained 

(%) 

cumulative 

percentage 

retained 

(%) 

percent 

finer 

(passing) 

10 

2 

48 

9.6 

9.6 

90.4 

20 

0.85 

96 

19.2 

28.8 

71.2 

40 

0.425 

150 

30 

58.8 

41.2 

60 

0.25 

104 

20.8 

79.6 

20.4 

100 

0.15 

68 

13.6 

93.2 

6.8 

200 

0.075 

27 

5.4 

98.6 

1.4 

pan 

0 

7 

1.4 

100 

0 

500 

The  relationship  between  the  percent  finer  (passing)  and  the  diameter  can  be  drawn  using  a semi-log 
paper  as  shown  in  the  figure  below: 


The  effective  size  of  a soil  is  the  diameter  through  which  10%  of  the  total  soil  mass 
is  passing  and  is  referred  to  as  D|0.  The  uniformity  coefficient  Cu  is  defined  as 

r = ^5 
c“  n 

u\o 

where  Dm  is  the  diameter  through  which  60%  of  the  total  soil  mass  is  passing. 
The  coefficient  of  gradation  Cc  is  defined  as 

C ^30>2 

c OWOho) 
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where  D 30  is  the  diameter  through  which  30%  of  the  total  soil  mass  is  passing. 

A soil  is  called  a well-graded  soil  if  the  distribution  of  the  grain  sizes  extends 
over  a rather  large  range.  In  that  case,  the  value  of  the  uniformity  coefficient  is  large. 
Generally,  a soil  is  referred  to  as  well  graded  if  Cu  is  larger  than  about  4-6  and  Cc  is 
between  1 and  3.  When  most  of  the  grains  in  a soil  mass  are  of  approximately  the 
same  size — i.e.,  C„  is  close  to  l— -the  soil  is  called  poorly  graded.  A soil  might  have 
a combination  of  two  or  more  well-graded  soil  fractions,  and  this  type  of  soil  is  referred 
to  as  a gap-graded  soil. 

The  sieve  analysis  technique  described  above  is  applicable  for  soil  grains  larger 
than  No.  200  (0.075  mm)  sieve  size.  For  fine-grained  soils  the  procedure  used  for 
determination  of  the  grain-size  distribution  is  hydrometer  analysis.  This  is  based  on 
the  principle  of  sedimentation  of  soil  grains. 


4.2.1  AASHTO  Classification  System 

The  AASHTO  system  of  soil  classification  was  developed  in  1 929  as  the  Public  Road 
Administration  Classification  System.  It  has  undergone  several  revisions,  with  the 
present  version  proposed  by  the  Committee  on  Classification  of  Materials  for  Sub- 
grades  and  Granular  Type  Roads  of  the  Highway  Research  Board  in  1945  (ASTM 
designation  D-3282:  AASHTO  method  M145). 

The  AASHTO  classification  in  present  use  is  given  in  Table  4.1.  According  to 
this  system,  soil  is  classified  into  seven  major  groups:  A-l  through  A-7.  Soils  classi- 
fied under  groups  A-l , A-2,  and  A-3  are  granular  materials  of  which  35%  or  less  of 
the  particles  pass  through  the  No.  200  sieve.  Soils  of  which  more  than  35%  pass 
through  the  No.  200  sieve  are  classified  under  groups  A -4,  A-5,  A-6,  and  A-7.  These 
soils  are  mostly  silt  and  clay-type  materials.  The  classification  system  is  based  on  the 
following  critiera: 
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I.  Grain  size 

a.  Grave!:  fraction  passing  the  75- mm  (3-in.)  sieve  and  retained  on  the  No.  10 
(2 -mm)  U.S.  sieve 

b.  Sand:  fraction  passing  the  No.  10  (2-mm)  U.S.  sieve  and  retained  on  the 
No.  200  (0.075-mm)  U.S.  sieve 

c.  Silt  and  day:  fraction  passing  the  No.  200  U.S.  sieve 

2.  Plasticity:  The  term  silty  is  applied  when  the  fine  fractions  of  the  soil  have  a 
plasticity  index  of  10  or  less.  The  term  clayey  is  applied  when  the  fine  fractions 
have  a plasticity  index  of  1 1 or  more. 

3,  If  cobbles  and  boulders  (size  larger  than  75  mm)  are  encountered,  they  are  ex- 
cluded from  the  portion  of  the  soil  sample  from  which  classification  is  made. 
However,  the  percentage  of  such  material  is  recorded. 

To  classify  a soil  according  to  Table  4.1,  one  must  apply  the  test  data  from  left 
to  right.  By  process  of  elimination,  the  first  group  from  the  left  into  which  the  test 
data  fit  is  the  correct  classification.  Figure  4.1  shows  a plot  of  the  range  of  the  liq- 
uid limit  and  the  plasticity  index  for  soils  that  fall  into  groups  A-2,  A-4,  A-5  A-6 
and  A-7. 

I o evaluate  the  quality  of  a soil  as  a highway  subgrade  material,  one  must  also 
incorporate  a number  called  the  group  index  (GI ) with  the  groups  and  subgroups  of 
the  soil.  This  index  is  written  in  parentheses  after  the  group  or  subgroup  designation. 
The  group  index  is  given  by  the  equation 

67  = (F2W  - 35) [0.2  -+  0.005 (LL  - 40)]  + G.01(E20C  - 15)(PI  - 10)  (4.1) 

where  Flm  = percentage  passing  through  the  No.  200  sieve 
LL  = liquid  limit 
PI  = plasticity  index 

The  first  term  of  Eq.  (4.1)  - that  is,  (Fm  - 3S)[0.2  + 0.005(LL  - 40)]  - is  the  partial 
group  index  determined  from  the  liquid  limit.  The  second  term  — that  is,  0.01  {Fm  - 
15 )(Pf  ~ 10)— is  the  partial  group  index  determined  from  the  plasticity  index.  Fol- 
lowing are  some  rules  for  determining  the  group  index: 

1-  H Eq.  (4.1)  yields  a negative  value  for  GI,  it  is  taken  as  0. 

2.  I he  group  index  calculated  from  Eq.  (4.1 ) is  rounded  off  to  the  nearest  whole 
number  ( for  example,  GI  = 3.4  is  rounded  off  to  3;  67=  3.5  is  rounded  off  to  4). 

3.  There  is  no  upper  limit  for  the  group  index. 

4.  The  group  index  of  soils  belonging  to  groups  A-l-a,  A-l-b,  A-2-4,  A-2-5,  and 
A-3  is  always  0. 
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5.  When  calculating  the  group  index  for  soils  that  belong  to  groups  A-2-6  and 
A -2-7,  use  the  partial  group  index  for  PI,  or 


GI  = O.OlC/^o  - 15) (Pi  - 10)  (4.2) 


In  general,  the  quality  of  performance  of  a soil  as  a subgrade  material  is  inversely 
proportional  to  the  group  index. 


General  Classification 

Granular  Materials 

Silt-Clay  Material* 

35  percent  or  less  of  total  sample  passing  No  200 1,75  pm) 

More  than  35  percent  of  total  sample  passing  No.  200  (75  pm| 

Group  Classifies  ion 

A-l 

a-: 

A-2 

A-4 

A-5 

A-6 

A- 7 

A-l -a 

A-l-b 

A-3 

A-3  a 

A-2-4 

A-2-J 

A-2-fi 

A-2-7 

A-4a 

A-JI.) 

A-6a  | A-Ob 

A-T-3  | A-7-6 

Sieve  anal}  sis,  percent  passing: 

Mo.  10  (2  nnn) 

No.  40(425  pm) 

No.  200(75  pm) 

50  max 

30  max 
15  max 

5fi  max 
25  max 

5 1 min 

IO  max 

U) 

35  max 

35  max 

* 

35  max 

35  max 

35  max 

\n 

36  min 

4* 

w 

50  mm 

36  min 

36  min 

36  min 

Characteristics  of  fraction  passing  No.  40 
Lupiid  limit 

Plasticity  index 

6 max 

6 max 

Non- 

Plastic 

6 max 

10  max 

1 0 max 

41  min 

10  max 

40  max 

1 ! min 

4 1 min 

1 1 min 

40  max 

10  nm 

4 1 min 

1 0 max 

40  max 

41  min 

II  15 

1 6 nun 

<LL-.’0 1 >LL-30 

Group  Index 

i 

) 

i max 

S max 

12  max 

10  max 

1 6 max 

20  tnnx 

Usual  types  of  significant  eoflstiftwflt 

materials 

Stone  fragment, 
gravel  and  sand 

Fine 

sand 

Sand 

Silly  or  clayey  gravel  and  sand 

Silty  soils 

Clayey  soils 

General  rating  as  subgrade 

Excellent  io  good 

Good  so  fail 

Moles 


With  ilie  cesi  data  available  the  classification  of  a soil  is  found  by  preceding  from  left  to  right  on  ilse  chart  J\  lie  fust  dassificatiou  thai  the  lest  dam  fits  is  the  correct  classification 

* A-2-5  is  not  allowed  under  705 .16  B A*5  and  A-7-5  is  not  allowed  under  703.1 6, A,  See  ‘'Natural  Soil  and  Natural  Granular  Soils1'  (203  02  Ji)  in  this  manual 

11  A-4b  is  not  allowed  in  the  top  3 fed  (1.0  in)- of  the  embankment  under  203  03.  A, 

[1]  Die  placing  Of  A-3  before  A-2  is  necessary  in  ifie  "left  to  nglit'r  process,  and  does  not  indicate  superiority  of  A-3  over  A-2. 

[2]  A-3a  must  contain  a minimum  50  percent  combined  coarse  and  find  sand  sizes  (passing  No.  10  but  relaiued  on  No.  200.  between  2 mm  and  75  |un). 

[3]  A-4a  Jimsr  contain  less  than  50  percent  silt  size  material  (between  75  pin  and  5 pm). 

[4]  A- 4b  iiulsi  contain  50  percent  or  more  silt  sire  material  (between  75  pm  and  5 |im). 
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Example  1: 

The  results  of  the  particle-size  analysis  of  a soil  are  as  follows: 

Percent  passing  through  the  No.  10  sieve  = 100 
Percent  passing  through  the  No.  40  sieve  = 80 
Percent  passing  through  the  No.  200  sieve  = 58 

The  liquid  limit  and  plasticity  index  of  the  minus  No.  40  fraction  of  the  soil  are  30 
and  10,  respectively.  Classify  the  soil  by  the  AASHTO  system. 

Solution 

Using  Table  4.1,  since  58%  of  the  soil  is  passing  through  the  No.  200  sieve,  it  falls 
under  silt-clay  classifications  — that  is,  it  falls  under  group  A-4,  A-5,  A-6,  or  A-7. 
Proceeding  from  left  to  right,  it  falls  under  group  A-4. 

From  Eq.  (4.1), 

GI  = (F200  ~ 35) [0.2  + 0.005{LL  - 40)]  + 0.01(F2t)ti  - 15 ){P1  - 10) 

- (58  - 35) [0.2  + 0.005(30  - 40)]  + (0.01  )(58  ~ 15)(10  - 10) 

- 3.45  - 3 

So,  the  soil  will  be  classified  as  A*4(3).  * 

Example  2: 

Ninety-five  percent  of  a soil  passes  through  the  No.  200  sieve  and  has  a liquid  limit 
of  60  and  plasticity  index  of  40.  Classify  the  soil  by  the  AASHTO  system. 

Solution  | 

According  to  Table  4.1,  this  soil  falls  under  group  A-7.  (Proceed  in  a manner  sim- 
ilar to  Example  4.1.)  Since  | 

40  >60  ~ 30 

: : . t t ; , 

jP/  LL  , :: 

this  is  an  A-7-6  soil.  Hence, 

GI  = (F200  - 35) [0.2  ■+  0.005 (EL  - 40)]  + G.01(F200  - 1 5>(F/  - 10) 
= (95  - 35)[0.2  + 0.005(60  - 40)]  + (0.01)(95  - 15)(40  - 10) 

- 42 

So,  the  classification  is  A-7-6(42). 
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Example  3: 


For  a soil,  given 


Sieve  Wo.  Percent  passing 


4 

10 

200 


90 

76 

34 


Liquid  limit  = 37 
Plasticity  index  = 12 

Classify  the  soil  by  the  AASHTO  system. 

Solution 

The  percentage  passing  through  the  No.  200  sieve  is  less  than  35,  so  the  soil  is  a 
granular  material.  From  Table  4.1,  we  see  that  it  is  type  A-2-6.  From  Eq.  (4.2), 

67  = 0.01(F200  - 1 5)(PI  - 10) 

For  this  soil,  Fm  - 34  and  PI  = 12,  so 

G1  = 0.01(34  - 15)(12  - 10)  = 0.38  - 0 

Thus,  the  soil  is  type  A-2-6(0).  ■ 

4.2.2  Unified  Soil  Classification  System 

The  original  torm  of  the  Unified  Soil  Classification  System  was  proposed  by  Casa- 
grande  in  1942  during  World  War  II  for  use  in  airfield  construction  undertaken  by 
the  Army  Corps  of  Engineers.  In  cooperation  with  the  U.S.  Bureau  of  Reclamation, 
the  Corps  revised  this  system  in  1952.  At  present,  it  is  widely  used  by  engineers 
(ASTM  designation  D-2487).  In  order  to  use  the  classification  system,  the  following 
points  must  be  kept  in  mind: 
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Table  3.S  Unified  Soil  Classification 


Field  Identification  Procedures  . 

(Excluding  particles  larger  than  75  um  and  basing  fractions fn 
./  estimated  weiphjf)  , 

droup 

Symbols 

\ Typical  Names 

3 = 

5 A 

85  u 

. 

B8f 

is 

Wide  range  In  grain  size  and  substantial 
amounts  of  all  Intermediate  particle 
>cizes 

GW 

Well  graded  gravels,  gravel- 
s&nd  mixtures,  little  or  no 
fines 

Mr 

w jz  *a 

Predominantly  one  size  or  a range  of  sizes 
with  some  intermediate  sizes  missing 

CP  , 

Poorly  graded  gravels,  gravel- 
“ mixtures,  little  or  no  fines 

•2-o 

- H _ 
«-g-B  £ 

Ogg£ 

J 5 E 

Si* 

Gnwels  with 
fines 

(appreciable 
amount  of 
fines) 

Nonplastic  fines  (for  identification  pro- 
cedures sec  ML  below) 

GM 

Silty  gravels,  poorly  graded 
g revel-sand-silt  mixtures 

sr  £ « V 

| Ml 
bt  s 

of 

Plastic  ftne6  (for  identification  procedures, 
see  CL  below) 

GC 

'Clayey  gravels,  poorly  graded 
gravel-sand-clay  mixtures 

S|{2  2 

g = S Z 

§1=1 
J o fc  „ 

J 

o 

e s 

gj 

in  sands 
le  or  no 
lnes) 

Wide  range  in  grain  sizes  and  substantial 
amounts  of  ali  intermediate  particle 
sizes 

SW 

• f 

Well  graded  sands,  gravelly 
sands,  little  or  no  fines 

-3 

2-2  r 

C3 

r>, 

MJU-  03  W .1 

ii 

Predominantly  one  size  or  a range  of  sizes 
with  some -intermediate  sizes  missing 

SP 

Poorly  graded  sands,  gravelly 
-sands,  little  or  no  fines 

S| 

s 

c 

CO  cfT2  e 

2 c | 

*S  o C 

r o 

Sands  with 
fines 

(appreciable 
amount  of 
fines) 

Nonplastic  fines  (for  identification  pro- 
cedures, see  ML  below) 

SM 

Silty  sands,  poorly  graded  sand- 
silt  mixtures 

M 

(J 

•E 

o « 

S’- 

Plastic  fines  (for  identification  procedures, 
see  CL  below) 

SC 

Clayey  sands,  poorly  graded 
sand-clay  mixtures 

3 

O 

jD 

Identification  Procedures  on  Fraction  Smaller  than  380  *xm  Sieve  Size 

. 

C 

.2 

u 

v. 

.$>  w 

■§  2 

tfi 

Dry  Strength, 
(crushing 
character- 
istics) 

Dilatancy 
(reaction 
to  shaking) 

Toughness 
(consistency 
near  plastic 
limit) 

$ • 

.=  J £ 

= ra  «o 

« — o 

°.§  c 
-a  — a 

C X3 

None  to 
slight 

Quick  to  . 
slow 

None 

ML 

Inorganic  silts  and  very  fine 
sands,  rock  flour,  silty  or 
clayey  fine  sands  with  slight 
plasticity 

*°  o > 

§1*8  5 
l*o|t 

n 

— cr  «3 
~ ~ 

C/3  ~ 

Medium  to 
high 

None  to 
very  slow 

Medium 

CL 

Inorganic  clays  of  low  to 
medium  plasticity,  gravelly 
clays,  sandy  clays,  silty  clays, 
lean  clays 

5j=  c 

1«  r”  03 

Slight  to 
medium 

Slow 

Slight 

OL 

Organic  silts  and  organic  silt- 
clays  of  low  plasticity 

|-£ 

V 

w 

c 

«*  e « 
u|f 

Slight  to 
medium 

Slow  to 
none 

Slight  to 
medium 

MH 

Inorganic  silts,  micaceous  or 
diatomaccous  fine  sandy  or 
silty  soils,  clastic  silts 

1 

c S V «o 
°*  n « 

*)  CTu 

High  to 
very  high 

None 

High 

CH 

Inorganic  clays  of  high  plas- 
ticity, fat  clays 

CO  ** 

Medium  to 
high 

• None  to 
very  slow 

Slight  to 
medium 

OH 

Organic  clays  of  medium  to  high 
plasticity 

Highly  Organic  Soils 

Readily  identified  by  colour,  odour, 
spongy  feel  and  frequently  by  fibrous 
texture 

Pt 

Peat  and  other  highly  organic 
soils 

Information  Required  for 
Describing  Soils 


Laboratory  Classification 
Criteria 


■£>60 


Give  typical  name;  indicate  ap- 
proximate percentages  of  sand 
and  gravel;  maximum  size; 
angularity,  surface  condition, 
and  herdness  of  the  coarse 
grains;  local  or  geologic  name 
and  other* pertinent  descriptive 
• information;  and  symbols  in 
parentheses 

For  undisturbed  soils  add  informa- 
tion on  stratification,  degree  of 
compactness,  cementation, 
moisture  conditions  and 
drainage  characteristics 

Example: 

Silty  sand , gravelly;  about  2C  % 
hard,  angular  gravel  par- 
ticles 12  mm  maximum  size: 
rounded  and  subangularsand 
grains  coarse  to  fine,  about: 
1 5 % non-plastic  fines  with 
low  dry  strength;  well-com- 
pacted and  moist  in  place; 
alluvial  sand;  (SM) 


« ftg 

K C 5 
c « = 


c = 

i u 


ci 

oJ2 

•S  u 
« £ 
£ « 

So 
c •» 

.£1 

o£ 

e>  p 

eg 

Ss 

bO 


C » 

8 ^ 
„ B 
CO'S  C1 

JfcS?|S 


O ~ ~ 

.£  .s  5 

Ee  = “ 
agS.| 

u o u 1 

D Q 


C MN 
« J5  —• 

J32 


Greater  than  4 


Cn  « 


X 


> Between  1 and  3 


Not  meeting  all  gradatiop  requirement*  for  G W 


Attcrbcrg  limits  below 
“A”  line,  or  PI  less 
than  a . m 


Attcrbcrg  limits  above 
9,A”  line,  with  PI 
greater  than  7 • 


Above  MA”  line 
with  PI  between 
4 and  7 are 
borderline  cases 
requiring  use  of 
dual  symbols 


Ctj  — —52  Greater  than  6 


’U 

Cc 


Dlb^ 

D10  X D« 


Between  1 and  3 


Not  meeting  all  gradation  requirements  for  SW 


Attcrberg  limits*  below 
**A”  line  or  P/Iesis  than 

— — be 


Atterberg  limits  _ hclow 
“A**  line  with  PI 
greater  than  7 


Above  “A**  line 
with  PI  between 
4 and  7 are 
borderline  cases 
requiring  use  of 
dual  symbols 


Give  typical  name;  indicate  degree 
and  character'  of  plasticity, 
amount  and  maximum  size  of 
coarse  grains;  colour  in  wet 
condition,  odour  if  any,  local  or 
geologic  name,  and  other  perti- 
nent descriptive  information, 
and  symbol  in  parentheses 

For  undisturbed  soils  add  infor- 
mation on  structure,  stratifica- 
tion, consistency  in  undisturbed 
and  remoulded  states,  moisture 
and  drainage  conditions 

Example: 

Clayey  silt , brown;  slightly 
plastic;  small  percentage  of 
fine  sand;  numerous  vertical 
root  holes;  firm  and  dry  in 
place;  loess;  (ML) 


10  20  30  40  50  60  70  80  90  100 
Liquid  limit 
Plasticity  chart 

for  laboratory  classification  of  fine  grained  soils 


From  Wagner,  1957. 

1 Boundary  classifications.  Soils  possessing  characteristics  of  two  groups  are  designated  by  combinations  of  group  symbols.  For  example  GW-GC,  well  graded  gravel- 
& All  sieve  sizes  on  this  chart  are  U.S.  standard. 

Field  Identification  Procedure  for  Fine  Grained  Soils  or  Fractions 


sand  mixture  with  clay  binder. 

*i—  tl.-.ir  in»,'rf«»r!‘  with  the  tCStS. 
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Piguie  4.6  gives  the  grain-size  distribution  of  two  soils.  Tine  liquid  and  plastic  lim- 
its of  minus  No  40  sieve  fraction  of  the  soil  are  as  follows: 

Soil  A Soil  0 

Liquid  I unit  30  26 

Plastic  limit  22  20 


Determine  the  group  symbols  and  group  names  according  to  the  Unified  Soil  Clas- 
sification System. 


Nfo.  Ititi 


Solution: 


Soil  A:  1)  Percentage  of  passing  No.  200  Sieve  is  8%  which  is  < 50%,  then  the  soil 
within  the  upper  part  of  classification  table. 


2)  Percentage  of  passing  4mm  is  100%  which  is  > 50%,  and  not  meeting  all 
gradation  requirements  for  SW  because: 


C = 


Cc  » 


A o = 0135 

Dj0  O.OS5 

D\ o 


= 1,59  < 6 

(0.12)J 


£>60  * (0-135)(C.OS5) 


— = 1,25  > 1 


That  means  the  soil  is  SP  but: 
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3)  passing  No.  200  is  5 < 8 < 12  which  is  lies  in  the  borderline,  that  means  the  soil 
classification  is  dual  symbols.  LL  and  PI  decide  the  second  symbol. 

LL  = 30,  PI  = 30-22  = 8 which  is  lies  above  A-line,  then  the  second  symbol  is  SC 

The  final  classification  is  SP-SC  (Poorly  graded  sand  with  clay). 


Soil  B:  1)  Percentage  of  passing  No.  200  Sieve  is  61  % which  is  > 50%,  then  the  soil 
within  the  lower  part  of  classification  table. 

2)  LL  = 26,  PI  = 26-20  = 6 which  is  lies  in  the  hatched  area. 

The  final  classification  is  CL-ML. 


j JIIaII  /jh  (jk  A hull  J q*  j 4-afrUll  uLu 

J jJaJt  A^SLl  j CL-ML  ^ AlLl»l) 

Cp  PI=20  j LL=40  CP  ji  J MH  or  OH  ^ J*  hjl\  cp  PI=20  j LL=70 


4ijjud  dllil  J<  Cul) 

uti ua) 


CP^  Cti**  C&  <>  j CL  or  OL  ^ 

oUA  qaJs  JIa-4  V AjjjII  'A1*1'  « 


s 


Liquid  limit 


Figure  4.2  Plasticity  chart 
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4.3  Soil  compaction 

Compaction  is  the  process  of  increasing  the  density  of  a soil  by  packing  the  particles 
closer  together  with  a reduction  in  the  volume  of  air;  there  is  no  significant  change  in 
the  volume  of  water  in  the  soil.  In  the  construction  of  fills  and  embankments,  loose  soil 
is  placed  in  layers  ranging  between  75  and  450  mm  in  thickness,  each  layer  being 
compacted  to  a specified  standard  by  means  of  rollers,  vibrators  or  rammers.  In 
general,  the  higher  the  degree  of  compaction  the  higher  will  be  the  shear  strength 
and  the  lowrer  will  be  the  compressibility  of  the  soil.  An  engineered  fill  is  one  in  which 
the  soil  has  been  selected,  placed  and  compacted  to  an  appropriate  specification  writh 
the  object  of  achieving  a particular  engineering  performance,  generally  based  on  past 
experience.  The  aim  is  to  ensure  that  the  resulting  fill  possesses  properties  that  are 
adequate  for  the  function  of  the  fill.  This  is  in  contrast  to  non -engineered  fills  which 
have  been  placed  without  regard  to  a subsequent  engineering  function. 

The  degree  of  compaction  of  a soil  is  measured  in  terms  of  dry  density,  i.e.  the  mass 
of  solids  only  per  unit  volume  of  soil.  If  the  bulk  density  of  the  soil  is  p and  the  water 
content  w,  then  from  Equations  1,17  and  1.20  it  is  apparent  that  the  dry  density  is 
given  by 


P 


The  dry  density  of  a given  soil  after  compaction  depends  on  the  water  content  and  the 
energy  supplied  by  the  compaction  equipment  (referred  to  as  the  compact ive  effort). 

The  compaction  characteristics  of  a soil  can  be  assessed  by  means  of  standard 
laboratory  tests.  The  soil  is  compacted  in  a cylindrical  mould  using  a standard 
compactive  effort.  In  BS  1377  (Part  4)  [2j  three  compaction  procedures  are  detailed. 
In  the  Proctor  test  the  volume  of  the  mould  is  1 1 and  the  soil  (with  all  particles  larger 
than  20mm  removed)  is  compacted  by  a rammer  consisting  of  a 2.5 -kg  mass  falling 
freely  through  300 mm:  the  soil  is  compacted  in  three  equal  layers,  each  layer  receiving 
27  blows  with  the  rammer.  In  the  modified  A ASH  TO  test  the  mould  is  the  same  as  is 
used  in  the  above  test  but  the  rammer  consists  of  a 4.5-kg  mass  falling  450  mm:  the  soil 
(with  all  particles  larger  than  20  mm  removed)  is  compacted  in  five  layers,  each  layer 
receiving  27  blow's  with  the  rammer.  If  the  sample  contains  a limited  proportion  of 
particles  up  to  37.5  mm  in  size,  a 2.3- 1 mould  should  be  used,  each  layer  receiving 
62  blowrs  writh  either  the  2.5-  or  4,5-kg  rammer.  In  the  vibrating  hammer  test,  the  soil 
(with  all  particles  larger  than  37.5  mm  removed)  is  compacted  in  three  layers  in  a 
2.3-1  mould,  using  a circular  tamper  fitted  in  the  vibrating  hammer,  each  layer  being 
compacted  for  a period  of  60  s. 
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After  compaction  using  one  of  the  three  standard  methods,  the  bulk  density  and 
water  content  of  the  soil  are  determined  and  the  dry  density  calculated.  For  a given  soil 
the  process  is  repeated  at  least  five  times,  the  water  content  of  the  sample  being 
increased  each  time.  Dry  density  is  plotted  against  water  content  and  a curve  of  the 
form  shown  in  Figure  111  is  obtained,  This  curve  shows  that  for  a particular  method 
of  compaction  (Le.  a particular  compact ive  effort)  there  is  a particular  value  of  water 
content,  known  as  the  optimum  water  content  (ivort),  at  which  a maximum  value  of 
dry  density  is  obtained.  At  lowr  values  of  water  content  most  soils  tend  to  be  stiff  and 
are  difficult  to  compact.  As  the  water  content  is  increased  the  soil  becomes  more 
workable,  facilitating  compaction  and  resulting  in  higher  dry  densities.  At  high  water 
contents,  however,  the  dry  density  decreases  with  increasing  wrater  content,  an  increas- 
ing proportion  of  the  soil  volume  being  occupied  by  water. 

If  all  the  air  in  a soil  could  be  expelled  by  compaction  the  soil  wfould  be  in  a state  of 
full  saturation  and  the  dry  density  wrould  be  the  maximum  possible  value  for  the  given 


Water  content 

Dry  density-water  content  relationship. 

water  content.  However,  this  degree  of  compaction  is  unattainable  in  practice.  The 
maximum  possible  value  of  dry  density  is  referred  to  as  the  ‘zero  air  voids’  dry  density 
or  the  saturation  dry  density  and  can  be  calculated  from  the  expression: 


Pd  - 


I +»'C/W 


(1.25) 


In  genera],  the  dry  density  after  compaction  at  water  content  w to  an  air  content  A can 
be  calculated  from  the  following  expression,  derived  from  Equations  1.15  and  1.20: 


Pd  = 


G%{\-A) 
I + wGs 


Av 


(1.26) 
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The  calculated  relationship  between  zero  air  voids  dry  density  and  water  content  (for 
Gs  — 2.65)  is  shown  in  Figure  1.12;  the  curve  is  referred  to  as  the  zero  air  voids  line  or 
the  saturation  line.  The  experimental  dry  density-water  content  curve  for  a particular 
compactive  effort  must  lie  completely  to  the  left  of  the  zero  air  voids  line.  Die  curves 
relating  dry  density  at  air  contents  of  5 and  1 0%  w ith  water  content  are  also  show  n in 
Figure  1.12,  the  values  of  dry  density  being  calculated  from  Equation  1.26.  These 
curves  enable  the  air  content  at  any  point  on  the  experimental  dry  density-wrater 
content  curve  to  be  determined  by  inspection. 

For  a particular  soil,  different  dry  density-water  content  curves  are  obtained  for 
different  compactive  efforts.  Curves  representing  the  results  of  tests  using  the  2.5-  and 
4.5-kg  rammers  are  showrn  in  Figure  1.12.  The  curve  for  the  4.5-kg  test  is  situated  above 
and  to  the  left  of  the  curve  for  the  2.5-kg  test.  Thus,  a higher  comp  active  effort  results  in 
a higher  value  of  maximum  dry  density  and  a lower  value  of  optimum  water  content; 
however,  the  values  of  air  content  at  maximum  dry  density  are  approximately  equal. 


Wafer  content  {%) 


Dry  density-water  content  curves  for  different  compactive  efforts. 


The  dry  density-wrater  content  curves  for  a range  of  soil  types  using  the  same 
compactive  effort  (the  BS  2.5-kg  rammer)  are  shown  in  Figure  1.13.  In  general,  coarse 
soils  can  be  compacted  to  higher  dry  densities  than  fine  soils. 
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Example:  The  following  results  were  obtained  from  a standard  compaction  test. 
Determine  the  Optimum  moisture  content  and  maximum  dry  density.  Plot  the  curves  of 
0%,  5%  and  10%  air  content  and  gives  the  value  of  air  content  at  the  maximum  dry 
density.  Given  the  volume  of  standard  mold  is  1000  cm3  and  Gs=2.7. 


Mass 

(gm) 

w (%) 

P 

pd 

pa  for  0% 
Air  voids 

pd  for  5% 
Air  voids 

pa  for 
10%  Air 
voids 

1768 

4 

1.77 

1.7 

2.44 

2.31 

2.19 

1929 

6 

1.93 

1.82 

2.32 

2.2 

2.09 

2074 

8 

2.07 

1.92 

2.22 

2.1 

1.99 

2178 

10 

2.18 

1.98 

2.13 

2 

1.91 

2106 

12 

2.11 

1.88 

2.04 

1.94 

1.84 

2052 

14 

2.05 

1.8 

1.95 

1.86 

1.76 

2007 

16 

2 

1.73 

1.89 

1.79 

1.69 

w (%) 


Maximum  dry  density  = 1.98  gm/cm3 
Optimum  moisture  content  = 10% 


* ~ TT  W, 

1.98  = 2-7(1~A)  xi  A=6.8% 
1 + 0.  lx  2.7 
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4.4  Field  compaction 

The  results  of  laboratory  compaction  tests  are  not  directly  applicable  to  field  compac- 
tion because  the  compact ive  efforts  in  the  laboratory  tests  are  different,  and  are  applied 
in  a different  way,  from  those  produced  by  field  equipment.  Further,  the  laboratory  tests 
are  carried  out  only  on  material  smaller  than  either  20  or  37.5  mm.  However,  the 
maximum  dry  densities  obtained  in  the  laboratory  using  the  2.5-  and  4.5-kg  rammers 
cover  the  range  of  dry  density  normally  produced  by  field  compaction  equipment. 

A minimum  number  of  passes  must  be  made  w ith  the  chosen  compaction  equipment 
to  produce  the  required  value  of  dry  density.  This  number,  which  depends  on  the  type 
and  mass  of  the  equipment  and  on  the  thickness  of  the  soil  layer,  is  usually  writhin  the 
range  3-12.  Above  a certain  number  of  passes  no  significant  increase  in  dry  density  is 
obtained.  In  general,  the  thicker  the  soil  layer  the  heavier  the  equipment  required  to 
produce  an  adequate  degree  of  compaction. 

There  are  two  approaches  to  the  achievement  of  a satisfactory  standard  of  compac- 
tion in  the  field,  known  as  method  and  end-product  compaction.  In  method  compaction 


Dry  density-water  content  curves  for  a range  of  soil  types. 


Water  Resources  and  Hydraulic  Structures  Dept.  27  Faculty  of  Engineering,  University  of  Kufa 


Soil  Mechanics  Lectures/  3rd  year 


Dr.  Tawfek  Sheer  Ali 


the  type  and  mass  of  equipment,  the  layer  depth  and  the  number  of  passes  are 
specified.  In  the  UK  these  details  are  given,  for  the  class  of  material  in  question,  in 
the  Specification  for  Highway  Works  [6],  In  end-product  compaction  the  required  dry 
density  is  specified:  the  dry  density  of  the  compacted  fill  must  be  equal  to  or  greater 
than  a stated  percentage  of  the  maximum  dry  density  obtained  in  one  of  the  standard 
laboratory  compaction  tests.  Method  compaction  is  used  in  most  earthworks.  End- 
product  compaction  is  normally  restricted  to  pulverized  fuel  ash  in  general  fill  and  to 
certain  selected  fills. 

Field  density  tests  can  be  carried  out,  if  considered  necessary,  to  verify  the  standard 
of  compaction  in  earthworks,  dry  density  or  air  content  being  calculated  from  meas- 
ured values  of  bulk  density  and  water  content,  A number  of  methods  of  measuring 
bulk  density  in  the  field  are  detailed  in  BS  1377  (Part  4)  [2], 

The  following  types  of  compaction  equipment  are  used  in  the  field. 

Pulverized  fuel  ash 

Kneading  towed  propelled  kentledge 

Smooth-wheeled  rollers 

These  consist  of  hollow  steel  drums,  the  mass  of  which  can  be  increased  by  water  or 
sand  ballast.  They  are  suitable  for  most  types  of  soil  except  uniform  sands  and  silty 
sands,  provided  a mixing  or  kneading  action  is  not  required,  A smooth  surface  is 
produced  on  the  compacted  layer,  encouraging  the  run-oil  of  any  rainfall  but  resulting 
in  relatively  poor  bonding  between  successive  layers;  the  fill  as  a whole  will  therefore 
tend  to  be  laminated,  Smooth-wheeled  rollers,  and  the  other  types  of  roller  described 
below,  can  be  either  towed  or  self-propelled, 


Pneumatic-tyred  rollers 

This  equipment  is  suitable  for  a wide  range  of  coarse  and  fine  soils  but  not  for 
uniformly  graded  material.  Wheels  are  mounted  close  together  on  two  axles,  the  rear 
set  overlapping  the  lines  of  the  front  set  to  ensure  complete  coverage  of  the  soil  surface. 
The  tyres  are  relatively  wide  with  a flat  tread  so  that  the  soil  is  not  displaced  laterally  . 
Tit  is  type  of  roller  is  also  available  with  a special  axle  which  allows  the  wheels  to 
wobble,  thus  preventing  the  bridging  over  of  low  spots.  Pneumatic-tyred  rollers  impart 
a kneading  action  to  the  soil.  The  finished  surface  is  relatively  smooth,  resulting  in  a 
low  degree  of  bonding  between  layers.  If  good  bonding  is  essential,  the  compacted 
surface  must  be  scarified  between  layers.  Increased  compactive  effort  can  be  obtained 
by  increasing  the  tyre  inflation  pressure  or,  less  effectively,  by  adding  kentledge  to  the 
body  of  the  roller. 
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Ballasting 

Sheepsfoot  rollers 

Tliis  type  of  roller  consists  of  hollow  steel  drums  w ith  numerous  tapered  or  club-shaped 
feet  projecting  from  their  surfaces.  The  mass  of  the  drums  can  be  increased  by  ballasting. 
The  arrangement  of  the  feet  can  vary  but  they  are  usually  from  200  to  250  mm  in  length 
writh  an  end  area  of  40-65  cm'.  The  feet  thus  impart  a relatively  high  pressure  over  a 
small  area.  Initially,  when  the  layer  of  soil  is  loose,  the  drums  are  in  contact  w ith  the  soil 
surface.  Subsequently,  as  the  projecting  feet  compact  belowr  the  surface  and  the  soil 
becomes  sufficiently  dense  to  support  the  high  contact  pressure,  the  drums  rise  above  the 
soil  Sheepsfoot  rollers  are  most  suitable  for  fine  soils,  both  plastic  and  non-plastic, 
especially  at  water  contents  dry  of  optimum.  They  are  also  suitable  for  coarse  soils  with 
more  than  20%  of  fines.  The  action  of  the  feet  causes  significant  mixing  of  the  soil, 
improving  its  degree  of  homogeneity,  and  will  break  up  lumps  of  stiff' material  Due  to 
the  penetration  of  the  feet,  excellent  bonding  is  produced  between  successive  soil  layers, 
an  important  requirement  for  w;ater-retaimng  earthworks.  Tamping  rollers  are  similar  to 
sheepsfoot  rollers  but  the  feet  have  a larger  end  area,  usually  over  1 00 cm",  and  the  total 
area  of  the  feet  exceeds  15%  of  the  surface  area  of  the  drums. 

Grid  rollers 

These  rollers  have  a surface  consisting  of  a network  of  steel  bars  forming  a grid  w ith 
square  holes.  Kentledge  can  be  added  to  the  body  of  the  roller.  Grid  rollers  provide 
high  contact  pressure  but  little  kneading  action  and  are  suitable  for  most  coarse  soils. 


Vibratory  rollers 

These  are  smooth- wheeled  rollers  fitted  writh  a power-driven  vibration  mechanism. 
They  are  used  for  most  soil  types  and  are  more  efficient  if  the  water  content  of  the  soil 

is  slightly  wet  of  optimum.  They  are  particularly  effective  for  coarse  soils  with  little  or 
no  fines.  The  mass  of  the  roller  and  the  frequency  of  vibration  must  be  matched  to  the 
soil  type  and  layer  thickness.  The  lower  the  speed  of  the  roller  the  fewer  the  number  of 
passes  required. 


Vibrating  plates 

This  equipment,  which.  is  suitable  for  most  soil  types,  consists  of  a steel  plate  writh 
upturned  edges,  or  a curved  plate,  on  which  a vibrator  is  mounted.  The  unit,  under 
manual  guidance,  propels  itself  slowly  over  the  surface  of  the  soil. 
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Unit  Two 
Seepage 


1.  Soil  Water 

All  soils  are  permeable  materials,  water  being  free  to  flow  through  the  interconnected  pores  between 
the  solid  particles.  The  pressure  of  the  pore  water  is  measured  relative  to  atmospheric  pressure  and  the 
level  at  which  the  pressure  is  atmospheric  (i.e.  zero)  is  defined  as  the  water  table  (WT)  or  the  phreatic 
surface.  Below  the  water  table  the  soil  is  assumed  to  be  fully  saturated,  although  it  is  likely  that,  due 
to  the  presence  of  small  volumes  of  entrapped  air,  the  degree  of  saturation  will  be  marginally  below 
100%. 


Below  the  water  table  the  pore  water  may  be  static,  the  hydrostatic  pressure  depending  on  the  depth 
below  the  water  table,  or  may  be  seeping  through  the  soil  under  hydraulic  gradient:  this  chapter  is 
concerned  with  the  second  case.  Bernoulli's  theorem  applies  to  the  pore  water  but  seepage  velocities 
in  soils  are  normally  so  small  that  velocity  head  can  be  neglected.  Thus 


where  h is  the  Loltil  head,  w the  pore  water  pressure,  %.  the  unit  weight  of  water 
(9.8  kJN  nr')  and  2 the  elevation  head  above  a chosen  datum. 

In  one  dimension,  water  flows  through  a fully  saturated  soil  in  accordance  with 
Darcy's  empirical  law: 

q = Aki  (2.2) 


or 


where  q is  the  volume  of  water  flowing  per  unil  lime,  A the  cross-sectional  area  of  soil 
corresponding  to  the  flow  q , A"  the  coefficient  of  permeability,  i the  hydraulic  gradient 
and  v the  discharge  velocity.  The  units  of  the  coefficient  of  permeability  are  those  of 
velocity  (m/s). 

The  coefficient  of  permeability  depends  primarily  on  the  average  size  of  the 
pores,  which  in  turn  is  related  to  the  distribution  of  particle  sizes,  particle  shape 
and  soil  structure.  In  general,  the  smaller  the  particles  the  smaller  is  the  average  size 
of  the  pores  and  the  lower  is  the  coefficient  of  permeability.  The  presence  of  a small 
percentage  of  fines  in  a co arse -grained  soil  results  in  a value  of  A-  significantly  lower 
than  the  value  for  the  same  soil  without  fines.  For  a given  soil  the  coefficient  of 
permeability  is  a function  of  void  ratio.  If  a soil  deposit  is  stratified  the  permeability 
for  flow  parallel  to  the  direction  of  stratification  is  higher  than  that  for  flow 
perpendicular  to  the  direction  of  stratification.  The  presence  of  fissures  in  a clay 
results  in  a much  higher  value  of  permeability  compared  with  that  of  the  unfissured 
material. 
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Table  2. 1 Coefficient  of  permeability  (m/s)  (BS  0004:  1904) 
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2.  Determination  of  Coefficient  of  Permeability  Soil  Water  (laboratory  test) 

The  coefficient  of  permeability  for  coarse  soils  can  be  determined  by  means  of  the 
constant-head  permeability  lest  (Figure  2.1(a)).  The  soil  specimen,  at  the  appropriate 
density,  is  contained  in  a Perspex  cylinder  of  cross-sectional  area  A:  the  specimen  rests 
on  a coarse  filter  or  a wire  mesh.  A steady  vertical  flow  of  water,  under  a constant  total 
head,  is  maintained  through  the  soil  and  the  volume  of  water  flowing  per  unit  time  (q) 


(a) 


(b) 


figure  2.1  Laboratory  permeability  tests:  (a)  constant  head  and  (b)  falling  head. 
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is  measured.  Tappings  from  the  side  of  the  cylinder  enable  the  hydraulic  gradient  (A//) 
to  be  measured.  Then  from  Darcy's  law: 


A series  of  tests  should  be  run.  each  at  a different  rate  of  flow.  Prior  to  running  the  lest 
a vacuum  is  applied  to  the  specimen  to  ensure  that  the  degree  of  saturation  under  flow 
will  be  close  to  100%.  If  a high  degree  of  saturation  is  to  be  maintained  the  water  used 
in  the  lest  should  be  de-aired. 

For  fine  soils  the  falling-head  lest  (Figure  2.1(b))  should  be  used.  In  the  case  of 
fine  soils,  undisturbed  specimens  are  normally  tested  and  the  containing  cylinder  in 
the  lest  may  be  the  sampling  tube  itself.  The  length  of  the  specimen  is  / and  the 
cross-sectional  area  A.  A coarse  filler  is  placed  at  each  end  of  the  specimen  and 
a standpipe  of  internal  area  a is  connected  to  the  top  of  the  cylinder.  The  water 
drains  into  a reservoir  of  constant  level.  The  standpipe  is  filled  with  water  and  a 
measurement  is  made  of  the  lime  (f|)  for  the  water  level  (relative  to  the  water  level 
in  the  reservoir)  to  fall  from  to  h[.  At  any  intermediate  lime  t the  water  level 
in  the  standpipe  is  given  by  A and  its  rale  of  change  by  — dh/dt.  At  time  t the 

difference  in  total  head  between  the  top  and  bottom  of  the  specimen  is  h.  Then, 
applying  Darcy's  law: 


dli  h 

-a  — = Ak- 
df  / 

^ dh 


ndh  Ak  /,i 

~aL  T-Tjt 


:.k  = ■¥-!*£ 

Ah  h i 
~ , al  Ao 

= 2-J777l"gJ7 


Again,  precautions  must  be  taken  to  ensure  that  the  degree  of  saturation  remains  close 
to  100%.  A series  of  tests  should  be  run  using  different  values  of  A0  and  hx  and/or 
standpi  pes  of  different  diameters. 

The  coefficient  of  permeability  of  fine  soils  can  also  be  determined  indirectly  from 
the  results  of  consolidation  tests  (see  Chapter  7). 

The  reliability  of  laboratory  methods  depends  on  the  extent  to  which  the  test 
specimens  are  representative  of  the  soil  mass  as  a whole.  More  reliable  results  can 
generally  be  obtained  by  the  in-situ  methods  described  below. 
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3.  Flow  Net  (Two  Dimensional  Flow) 
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Figure  4,17  (a)  Definition  of  flow  lines  and  equipotential  lines; 
(b)  completed  flow  net 
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Figure  4.18  Flow  net  under  a dam 
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Estimation  of  the  increase  in  stress  at  various  points  in  a soil  mass  due  to  external 
loading  by  using  the  theory  of  elasticity  is  an  important  part  in  the  safe  design  of  the 
foundations  of  structures.  The  ideal  assumption  of  the  theory  of  elasticity,  namely,  that 
the  medium  is  homogeneous,  elastic,  and  isotropic,  is  not  quite  true  for  most  natural 
soil  profiles.  However,  it  provides  a close  estimation  for  geotechnical  engineers,  and 
with  the  use  of  proper  safety  factors,  safe  designs  can  be  developed. 

1-  Soil  Itself  (Surcharge) 

— t/e/', £ > c-oj@ 

T^<-  Otr-f'CaJp  b*S*‘*s  tkc. 

fie  -/  b'H 

a.\ >o(/e-  $°il  > Su.rfk<ze.  /octo/yng . 1 a et/'e 

C&£<-4eL£aj{'*d  f~kz.  usu  'f  IaS-c^J  A A ° f-  AAc.  S®'l  > 

A-  it  Acs/  ite i hoMocfeeH£0u~s>  S°  i! 

-Tcixif  /'txofku i^s  ^,,'fL 

A-C-J0  /■  /i  ctevt_o^  f~t\  l*tH  t -f 

(T'v  = ‘ ^ 

0 — ~TJ-&tL0  f t^i> £ J?ejto  uj  A/zVe/  of  /A/Ce_ 

tAc-  tta  Stfess  As  Ae  -S  tAW\ 

i^L<z-  soil  ^ct  Wf  — ?L~ 

u/  iJttsf'ZjT  &i?o  \/^  'VLy^  ^ ' T^ixS 

V £.<b\  Cm/  J&r'c.g  asf  d t^iX  =y  — “*• 

-ic 

ojLesAi e ; 

~t>  — <xW/  ieJ-<L/jJ,  / u-f*sfeat  Soil 

'%'uj  ~ '*-■*!+  °A  u/ccfcA  - 


u'tcfeY 


$oW 


A 

t 

crv 


7T « >CK  ^ '«T" 


■4^  Cl 


l 

► • 

't 


< 


Water  Resources  and  Hydraulic  Structures  Dept.  44  Faculty  of  Engineering,  University  of  Kufa 


Soil  Mechanics  Lectures/  3rd  year 


Dr.  Tawfek  Sheer  Ali 


C - TozW’  /> i wm/*'-  Aye/'W  5®i' 


dv  - C Tf  • * \ 

i 

w, 

1 

/ _ 

4-Aye*  1 

. •=  2r,^,  + 7fzA-c+  2TS  (*-4<-«=f0 

u v/  £ 

L-+-yee  2 

iv^zYt-  y 

,'<**  e 

‘L 

^^3 

Tfj  f }T^  j &_$  / £~fc-  — ^ e>-^L 

Cv 

5a  i V la^eT5  i,  iy  3 , e/6c  • ^Fk^tivelj 

& 

£2-  St^ss  i*  00*  l^ra/cJ 

-5o  / 1 

<r*v  = +•  ^3  ^ 


~ * 


OCV^^Uficfco/  SO||i 


2r 


uaT 


uuiSVwtijVf  ^ 
So(  I 

vv*3+ 


— TB  Meir/  fry,#*/  $S  t 

The  jTtif'O  of  hor-S ^ n£n/  & i/efh't*/  5Z^SS"  /$  e^/Vesyec/  bj 
«-  Cj*-& Oc/  &%.€  ft  C&-e-ff  r'  of  tajes'atf  StT^oss  a-?^~ 

LA.fzra/’  S&eSS  ttajf-So  i)  a*tV  /J  oTetto^e*/  fjy  Z%e.  Sj/  wio  / * fc** 


/°oss;bfc  ^ ^ t/«Y*.e4 

L^os'cl/  SfrtL.sz  aj- 


+ 


*4 


2-  u//«  S.;j  f Kp } //7  ^3J  a^y 

ac-t/vc'  *f  Uf^s+r'e-ss1 


Water  Resources  and  Hydraulic  Structures  Dept.  45  Faculty  of  Engineering,  University  of  Kufa 


Soil  Mechanics  Lectures/  3rd  year 


Dr.  Tawfek  Sheer  Ali 


- Potfe  pr^ss^e  s 

j-jlauxm 

wntcy"  //f  tke  poV^S  &4-  $o/l  /$  Cejflid  f*o  f*.  U'aj/e/' ^ 
ft th>'S  Po/~*t  XsJctA*^  tS  C*o££<Zed 
^ poPeT^  /V^rMre  £u.)  ^ , T~k<r  mj*4 yi ir *-  o-f  por^ 

PteS>$  e dtP-c-mt j on  ' 

m the  elepth  the.  usages'  tr*-l>(e_  . 

* tkc  Ce>  yic/t  zfv  ■»M5  ^ f 5ee.pajfz  flood - 


E 9$  eC  -^vVe  S 


iaSUoh  /V  &~Pj?/r'ec/  -/-*<■  '/  • > , 

»•**  - k>  ** 

?!*'■'  ««  ^ — « ^^177/  ^'-'-urr 

5-5/0;  ‘‘W'  /5  tr** s PtrreJ  t °E'  °7^  ^ ^ 

~Tk<.  r*te  *JL  dra/^yo  f-fa  ^V**’ 

strewn  ««V  t*"fin.sssis;,-tj  erf  -fl.  s„-f  seStKS 

°\J  fl**™  ***  W/y  *'*"•</«'  /W>'<=  - 7X«« 

“**>'  ^ Effect;*/*-  Stmses  M - 


■*  ^'"ffett^cc  bef^ee*  Eke  t*t„S  Zfs-ece 

P,se  fYcestW~c  ft  c^eef  Eke  effect  eve  4-tn*:  . ' 

Sites,  r St^s  _ ^ ^stu> 

^ d"~  c1-  u_ 

<Uuf{  cl  - d2  ~>f 

(—  tv  ^ 

*"  cU^5ei  . 

jf/)  /«»»e  uvl *flj  S ^ /■£-  /z  •?■&•*'  to  /*»  C 

P^H-Pty,  tba*,  //7  cebs^fluftL-  jCu**#frct;  7%e  <-+s 

€ty: /o  ^ ’fb-C+i  b~c  £<?  „ C 

V 

^ <5  P>(^  — A.  (A 


Water  Resources  and  Hydraulic  Structures  Dept.  46  Faculty  of  Engineering,  University  of  Kufa 


Soil  Mechanics  Lectures/  3rd  year 


Dr.  Tawfek  Sheer  Ali 


2-  Point  Load 


figure  5.5  (a)  Stresses  due  to 


point  load  and  (b)  variation  of  vertical  stress  due  to  point  load. 


2?r 


5/2 


Then, 


Tobie-  5.!  Influence  factors  for  vertical  stress  due  to  point  load 
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3-  Line  Load 


crz  — orr  cos3  A + a#  sin2  0 - 2rre  sin  0 cos  0 
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5 tresses  due  to  a vertical  line  load  in  rectangular  coordinates. 
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4-  Infinit  Strip  Load  (continuous  Footing) 


= — [a  + sin  a cos(ot  + 26)] 

IT 
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ir 
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5-  Rectangular  Area  Carrying  Uniform  Pressure 


A solution  has  been  obtained  for  the  vertical  stress  at  depth  z under  a corner  of  a 
rectangular  area  of  dimensions  inz  and  nz  (Figure  5.10)  carrying  a uniform  pressure  q. 
The  solution  can  be  written  in  the  form 


az  = qlr 

Values  of  the  influence  factor  /r  in  terms  of  m and  n are  given  in  the  chart,  due  to 
Fadum  [5],  shown  in  Figure  5. 10.  The  factors  m and  n are  interchangeable.  The  chart 
can  also  be  used  for  a strip  area,  considered  as  a rectangular  area  of  infinite  length. 
Superposition  enables  any  area  based  on  rectangles  to  be  dealt  with  and  enables  the 
vertical  stress  under  any  point  within  or  outside  the  area  to  be  obtained. 
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Figure  5.10  Vertical  stress  under  a comer  of  a rectangular  area  carrying  a uniform  pressure. 

(Reproduced  from  R.E.  Fad  urn  (1946)  Proceedings  of  the  2nd  (nterjTODDJToI  Conference 
of  SMFE,  Rotterdam,  Vol.  3,  by  permission  of  Professor  Fadum.) 


6-  Center  of  a Uniformly  Circular  Loaded  Area 
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Pressure  = q 
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\ I 

A 

Figure  6.13  Vertical  stress  below  the  center  of  a uniformly  loaded 
flexible  circular  area 


Table  6.3  Variation  of  ( ^ 
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{Eq,  (6.20)]  L\y 
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7-  Slope  2:1  Method  to  Calculate  Ap  under  L*B  Area 
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Example  1: 

A load  of  ISOOkN  is  carried  on  a foundation  2 m square  at  a shallow  depth  in  a soil 
mass.  Determine  the  vertical  stress  at  a point  5m  below  the  centre  of  the  foundation 
(a)  assuming  that  the  load  is  uniformly  distributed  over  the  foundation  and  (b) 
assuming  that  the  load  acts  as  a point  load  at  the  centre  of  the  foundation. 

(a)  Uniform  pressure. 

1500  l-Kl  M/  ^ 

q = — ^-=  375  kN/m 

The  area  must  be  considered  as  four  quarters  to  enable  Figure  5.10  to  be  used.  In  this  case 
mz  = nz  = 1 m 
Then,  for  z = 5 m 


m = n = 0.2 


From  Figure  5.10, 

/r  = 0.018 
Hence. 

= 4q /r  = 4 x 375  x 0.018  = 27  kN/m" 

(b)  From  Table  5.1,  /p  = 0.478  since  rj'z  — 0 vertically  below  a point  load. 
Hence, 

<7 z = ^-/p  = — X 0.478  = 29  kN/m2 


Example  2: 

A rectangular  foundation  6 x 3m  carries  a uniform  pressure  of  300  ItN/m2  near  the 
surface  of  a soil  mass.  Detennine  the  vertical  stress  at  a depth  of  3 m below  a point  (A) 
on  the  centre  line  1.5m  outside  a long  edge  of  the  foundation  (a)  using  influence 
factors 
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figure  S.l 2 Example  5,2, 


Water  Resources  and  Hydraulic  Structures  Dept.  52  Faculty  of  Engineering,  University  of  Kufa 


Soil  Mechanics  Lectures/  3rd  year 


Dr.  Tawfek  Sheer  Ali 


fa}  Using  the  principle  of  superposition  the  problem  is  dealt  with  in  the  manner  shown 
in  Figure  5.12.  For  the  two  rectangles  (I)  carrying  a positive  pressure  of  300  kN  mr, 
m = 1.00  and  ij  = 1.50,  and  therefore 

1T  =0.193 

For  the  two  rectangles  {2)  carrying  a negative  pressure  of  300  kN/m-,  m = 1.00  and 
n = 0.50,  and  therefore 

It  = 0.120 


Hence, 

ff:  = (2  x 300  x 0,193)  - (2  x 300  x 0.120) 
= 44  kN  fm~ 
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Example  4 
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Unit  Four 

Consolidation  Theory 


Introduction 

consolidation  is  the  gradual  reduction  in  volume  of  a fully  saturated  soil  of  low  permeability  due  to 
drainage  of  some  of  the  pore  water,  the  process  continuing  until  the  excess  pore  water  pressure  set  up 
by  an  increase  in  total  stress  has  completely  dissipated;  the  simplest  case  is  that  of  one-dimensional 
consolidation,  in  which  a condition  of  zero  lateral  strain  is  implicit.  The  process  of  swelling,  the  reverse 
of  consolidation,  is  the  gradual  increase  in  volume  of  a soil  under  negative  excess  pore  water  pressure. 
Consolidation  settlement  is  the  vertical  displacement  of  the  surface  corresponding  to  the  volume 
change  at  any  stage  of  the  consolidation  process.  Consolidation  settlement  will  result,  for  example,  if 
a structure  is  built  over  a layer  of  saturated  clay  or  if  the  water  table  is  lowered  permanently  in  a stratum 
overlying  a clay  layer. 


Ex  1.  For  the  profile  below:  calculate  the  stresses  at  point  A before  and  after  applying  the  load  at 
different  times  (t  = 0,  go  > t > 0,  t = qo) 


Fill  = 2 m,  y = 19  kN/m3 


1)  before  applying  fill 


a = 2 x 17  + 3 x 20  = 94  kN/m2 


2 m 


Sand,  y = 17  kN/m3 


u = 5 x 10  = 50  kN/m2 


o'=  P0  = 94  - 50  = 44  kN/m2 


Clay,  y = 20  kN/m3 


5 m 


2)  Immediately  after  applying  fill  (t  = 0), 


Fill  loading  = 2 x 19  = 38  kN/m2 


Sand 


a = 94  + 38  = 132  kN/m2 


u = 50  + 38  = 88  kN/m2 


a—  P'o  = 132  - 88  = 44  kN/m2 


.t  = 0 
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JaLuj-a  (Fill)  Hij  ^aJajujil  (J-baao]|  gAjuj  ^9  (_£jLujJ  Ag  ^ V I ^3  -2 

^Jajuj  ^Ac. 

SjtwJI  AjiJaSI  ajjjII  aLISII  AjiUilt  (jc.  <^jU  initial  excess  pore  water  pressure  Aida  aJjVi  sjL  jll  -3 

U1  CS'  .W;  »4j  jll  o3$i  JJ  j 

Aqs  net  fill  = Aa  = m 

c-Lo  Ax . t ~~  ,kv,i  ^5  AA  j ^ ^ u . 9i  j 4 \ . a ^ n sAjylij  r — 0 y^y  ' ~'r“  y A ^1  (j*  Jiaiii  A^^yi  -4 

.AjjljJ  AjAjoM 

. e0  -)  t$J  _>«jj  j a’  Jt*ill  A^VI  jfc  ^*1  jjLi  (e)  k— >ljaill  3_idi  .5 


3)  For  a specific  time  after  applying  load  (Fill),  (00  > t > 0); 
a = 94  + 38  = 132  kN/m2 


u = 50  + x 


a-  P'o  = 44  + (38  -x) 


:dUa*Al» 


A*  31  Ja-dl  jdal  (Jl  jj  y Aa  jtg^VI  ejAyll  -1 

jj  Ja^)]1  ) JsVl  AadaJI  dll  j (jAliAl  ^_J1  £.Lail  ^3  dlyil  Aadall  ^ ^ ■ dll  A]  j j Lla«l^)3j  JA  did  ^LuiAl  c-Lo  Aa  x 3a  ^3  ojLiyll  -2 

.(<_5lc.Vl  Ajiliill 

.Me  W!  >«jjj  excess  pore  water  pressure  (oo  > t > 0)  t>  j ^ ft^JI  *1*  Aida  ^ ajAiAI  sjLyll  -3 

,(AP'  = Aa'  at  time  t)  JAill  A^aA/l  A sAu  *— >'d  -4 

^3  &3ljy]l  yi  t . i-vj  y^y  JtaAl  ^3  AA*-aLail  &3ljy]l_$  Uc  ^1— uiAl  c-Lo  Aa  - la  ^3  AjALaII  ftAjyil  a -5 

.Aa  = ue  + AP’  at  any  time  u' t/'  .Aa  c^11 
(A)  dljaAl  4 uni  ^3  Jlaill  jl^-aJl  ^3  o3ljy]l  Ji3l^)j  -t) 

4)  After  a very  long  time  from  applying  fill  ( t = oo  ); 
a = 94  + 38  = 132  kN/m2 


u = 50 


a-  PV  = 44  + 38  = 82  kN/m2 


;dlAa.!l<i 


^ A, 31  (_AaJI  _jiij  ^3aJ  S3 Jl  jj  V Aa  Ag-A^l  SjUjll -1 


(^AUJI  ^J1  L_l^)jaiJ  33  (^I^Awi^l  *ULa.  (jc.)  Alyl)  «.L4I  Aa  - la  JS  yj  ^1  (^jQ-  (_5  jluij  Aa^al  ^An.Jl  c-La  Aa 1 a ^3  "dLi  J)]l  -9 
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.Aa,  p’  A^VI  ^ ^ Aa  A»^VI  saLjII  -3 


P / = P?o  + AP’  c^i  lM'  ^WVI  -4 

^ aJjVI  SaUjII  tg-joij  ^ j (Aa)  i-g-^VI  g-i  SaLjjII  1$  ^ ^ (AP’)  t = oc  ai*j  i> j ^ cA-*^  i-g^VI  ^ SaL jll  -5 

^ykl  u;-  ^Lubftll  s-La  )o»  >A 


Aa  = AP/  = u i 


^3  aL^L  S^j3  J-jujJ  Ia&  j ^L<a_jJa3Vl  AjIaC.  Jlxill  ^Jl  Aa  (J^  (3-944 1 AjI^II  Jax— jJa  L-J^)  >>nj  -() 

^Lu^VI  ^ ja  o^j  %100  lsJ^  Degree  of  Consolidation  fLuAajVI  ja  Iaajc.  uj^j  Sac.  Jl  3^ 

:JU11£ 


/u7-  — UP\  ( Up\ 

Uz  % = [ l—  -J  x 100%  or  uz  % = j^l  - -^j  x 100% 

m : Degree  of  consolidation 

ue : Excess  pore  water  pressure  at  time  (t) 

m : initial  excess  pore  water  pressure  at  time  (t  =0) 


e/  = e0  - Ae  ^ c u\  u^j  0y  AjjI^AII  CjI  j^All  Aid  -7 

^LojJajVI  A AaC-  Axj  dl j'Nqll  Aldj  £jJaj  (Jj3  aJL^.  ^j4J  dl j^qll  Aid  ^3  ^jj»MI  (J!d  ^^0  (jl  L" 


The  Oedometer  Test 


The  characteristics  of  a soil  during  one-dimensional  consolidation  or  swelling  can  be  determined  by 
means  of  the  oedometer  test.  Figure  7.1  shows  diagrammatically  a cross-section  through  an  oedometer. 
The  test  specimen  is  in  the  form  of  a disc,_held  inside  a metal  ring  and  lying  between  two  porous 
stones.  The  upper  porous  stone,  which  can  move  inside  the  ring  with  a small  clearance,  is  fixed  below 
a metal  loading  cap  through  which  pressure  can  be  applied  to  the  specimen.  The  whole  assembly  sits 
in  an  open  cell  of  water  to  which  the  pore  water  in  the  specimen  has  free  access.  The  ring  confining 
the  specimen  may  be  either  fixed  (clamped  to  the  body  of  the  cell)  or  floating  (being  free  to  move 
vertically):  the  inside  of  the  ring  should  have  a smooth  polished  surface  to  reduce  side  friction.  The 
confining  ring  imposes  a condition  of  zero  lateral  strain  on  the  specimen,  the  ratio  of  lateral  to  vertical 
effective  stress  being  K0,  the  coefficient  of  earth  pressure  at-rest.  The  compression  of  the  specimen 
under  pressure  is  measured  by  means  of  a dial  gauge  operating  on  the  loading  cap. 

The  test  procedure  has  been  standardized  in  BS  1377  (Part  5)  [4]  which  specifies  that  the  oedometer 
shall  be  of  the  fixed  ring  type.  The  initial  pressure  will  depend  on  the  type  of  soil,  then  a sequence  of 
pressures  is  applied  to  the  specimen,  each  being  double  the  previous  value.  Each  pressure  is  normally 
maintained  for  a period  of  24  h (in  exceptional  cases  a period  of  48  h may  be  required),  compression 
readings  being  observed  at  suitable  intervals  during  this  period.  At  the  end  of  the  increment  period, 
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when  the  excess  pore  water  pressure  has  completely  dissipated,  the  applied  pressure  equals  the 
effective  vertical  stress  in  the  specimen.  The  results  are  presented  by  plotting  the  thickness  (or 
percentage  change  in  thickness)  of  the  specimen  or  the  void  ratio  at  the  end  of  each  increment  period 
against  the  corresponding  effective  stress.  The  effective  stress  may  be  plotted  to  either  a natural  or  a 
logarithmic  scale.  If  desired,  the  expansion  of  the  specimen  can  be  measured  under  successive 
decreases  in  applied  pressure.  However,  even  if  the  swelling  characteristics  of  the  soil  are  not  required, 
the  expansion  of  the  specimen  due  to  the  removal  of  the  final  pressure  should  be  measured.  The  void 
ratio  at  the  end  of  each  increment  period  can  be  calculated  from  the  dial  gauge  readings  and  either  the 
water  content  or  the  dry  weight  of  the  specimen  at  the  end  of  the  test.  Referring  to  the  phase  diagram 
in  Figure  7.2,  the  two  methods  of  calculation  are  as  follows. 


figure  7.S  The  oedometer. 


figure  1.2  Phase  diagram. 
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1 Water  content  measured  at  end  of  lest  = w\ 

Void  ratio  at  end  of  lest  = ex  = \i\ Gs  (assuming  ST  = 100%) 

Thickness  of  specimen  at  start  of  lest  = H0 

Change  in  thickness  during  lest  = AH 

Void  ratio  al  start  of  test  = = e\  4-  Ae 

where 


Ae  _ 1 + 
~AH~  Ho 


(7.1) 


Jn  the  same  way  Ae  can  be  calculated  up  to  the  end  of  any  increment  period. 

2 Dry  weight  measured  al  end  of  lest  = Ms  (i.e.  mass  of  solids) 

Thickness  at  end  of  any  increment  period  = Hi 
Area  of  specimen  = A 

Equivalent  thickness  of  solids  = H s = MjAGspw 
Void  ratio, 


-H%  = H „ 
ifs  H 


(7.2) 


Compressibility  Charachtarestics 


Typical  plots  of  void  ratio  (e)  after  consolidation  against  effective  stress  {</)  for  a 
saturated  clay  are  shown  in  Figure  7.3,  the  plots  showing  an  initial  compression 
followed  by  expansion  and  recompression  (cf.  Figure  4.9  for  isotropic  consolidation). 
The  shapes  of  the  curves  are  related  to  the  stress  history  of  the  clay.  The  e-log d 
relationship  for  a normally  consolidated  clay  is  linear  (or  nearly  so)  and  is  called  the 
virgin  compression  line.  If  a clay  is  overconsolidated,  its  stale  will  be  represented  by  a 
point  on  the  expansion  or  recompression  parts  of  the  e-log  ri  plot.  The  recompression 
curve  ultimately  joins  the  virgin  compression  line:  further  compression  then  occurs 
along  the  virgin  line.  During  compression,  changes  in  soil  structure  continuously 

lake  place  and  the  clay  does  not  revert  to  the  original  structure  during  expansion.  The 
plots  show  that  a clay  in  the  overconsolidaled  stale  will  be  much  less  compressible  than 
that  in  a normally  consolidated  stale. 

The  compressibility  of  the  clay  can  be  represented  by  one  of  the  following  coefficients. 
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figure  7.1  Void  ratio-effective  stress  relationship. 

1 The  coefficient  of  volume  compressibility  (wtv),  defined  as  the  volume  change  per 
unit  volume  per  unit  increase  in  effective  stress.  The  units  of  are  the  inverse  of 
pressure  (nr  MN).  The  volume  change  may  be  expressed  in  terms  of  either  void  ratio 
or  specimen  thickness.  If,  for  an  increase  in  effective  stress  from  cr£>  to  the  void  ratio 
decreases  from  e0  to  eh  then 


The  value  of  mv  for  a particular  soil  is  not  constant  but  depends  on  the  stress  range 
over  which  it  is  calculated.  1377  specifies  the  use  of  the  coefficient  mv  calculated  for 
a stress  increment  of  lOOkN  m"  in  excess  of  the  effective  overburden  pressure  of  the 
in-siiu  soil  at  the  depth  of  interest,  although  the  coefficient  may  also  be  calculated, 
if  required,  for  any  other  stress  range. 

2 The  compression  index  (Cc)  is  the  slope  of  the  linear  portion  of  the  e-log ar  plot 
and  is  dimensionless.  For  any  two  points  on  the  linear  portion  of  the  plot 

_ t'Q  f| 

logMM) 

The  expansion  part  of  the  e-log  a*  plot  can  be  approximated  to  a straight  line,  the 
slope  of  which  is  referred  to  as  the  expansion  index  Cc. 
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Preconsolidation  Pressure 


Casagrande  proposed  an  empirical  construction  to  obtain,  from  the  e-log  if  curve 
for  an  overconsolidaled  clay,  the  maximum  effective  vertical  stress  that  has  acted  on 
the  clay  in  the  past,  referred  to  as  the  pre  consolidation  pressure  (<j£).  Figure  7.4  shows  a 
typical  e -log o’  curve  for  a specimen  of  clay,  initially  overconsolidaled.  The  initial 
curve  indicates  that  the  clay  is  undergoing  recompression  in  the  oedomeler,  having 
at  some  stage  in  its  history  undergone  expansion.  Expansion  of  the  clay  in  situ  may, 
for  example,  have  been  due  to  melting  of  ice  sheets,  erosion  of  overburden  or  a rise 
in  water  table  level.  The  construction  for  estimating  the  preconsolidalion  pressure 
consists  of  the  following  steps: 

1 Produce  back  the  straight-line  part  (BC)  of  the  curve. 

2 Determine  the  point  (D)  of  maximum  curvature  on  the  recompression  part  (AB) 
of  the  curve. 

3 Draw  the  tangent  to  the  curve  at  D and  bisect  the  angle  between  the  tangent  and 
the  horizontal  through  D. 

4 The  vertical  through  the  point  of  intersection  of  the  bisector  and  CB  produced 
gives  the  approximate  value  of  the  preconsolidalion  pressure. 

Whenever  possible  the  preconsolidation  pressure  for  an  overconsolidaled  clay  should 
not  be  exceeded  in  construction.  Compression  will  not  usually  be  great  if  the  effective 
vertical  stress  remains  below  only  if  o',  is  exceeded  will  compression  be  large. 
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Example  7. 1 

The  following  compression  readings  were  obtained  in  an  oedometer  lest  on  a specimen 
of  saturated  clay  {f/s  = 2.73): 


Pressure  (kN/m1) 

0 

54 

107 

714 

429 

858 

1716 

3432 

0 

Dial  gauge 
after  24  h (mm) 

5.000 

4.747 

4.493 

4.108 

3.449 

2.608 

1.676 

0.737 

1.480 

Figure  73  e— log  d curve. 


The  initial  thickness  of  the  specimen  was  19.0mm  and  at  the  end  of  the  lest  the 
water  content  was  19.8%.  Plot  the  e—  logfl7  curve  and  determine  the  preconsolida- 
tion pressure.  Determine  the  values  of  ms.  for  the  stress  increments  100-200  and 
1 000-1 500  kN/nr.  What  is  the  value  of  Ce  for  the  latter  increment? 

Void  ratio  at  end  of  lest  = ei  = h?i <?s  = 0.198  X 2.73  = 0.541 
Void  ratio  at  start  of  lest  = ea  = e\  4-  Ae 


Now 


Ae  _ 1 1 + db  _ 1 -I-  ei  4-  Ae 
A/7 _ /fo 
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i.e. 


Ac  _ 1.541+ Ac 
3.520  “ mi 
Ac  = 0.350 

d)  =0.541  +0.350  = 0,891 


Jn  general,  Ihe  relationship  between  Ac  and  AH  is  given  by 

Ac  _ 1,891 
A/7-  19.0 

i.e.  Ac  = 0.0996  AHf  and  can  be  used  to  obtain  the  void  ratio  at  the  end  of  each 
increment  period  (see  Table  7.1).  The  c— logflP  curve  using  these  values  is  shown  in 
Figure  7.6.  Using  Casagrande’s  construction,  the  value  of  the  preconsolidalion 
pressure  is  325  kN  nr. 

1 CO  — Cl 
fHy  = 7 r 

1 + co  a i — £■() 


Table  7.1 


Pressure  (kN/m2) 

AN  (mm) 

Ae 

e 

0 

0 

0 

0.89 1 

54 

0 253 

0.025 

0.666 

107 

0.507 

0.050 

0.841 

214 

0.892 

0.089 

0.802 

429 

1.551 

0.154 

0 737 

856 

2 392 

0.238 

0.653 

1716 

3 324 

0.331 

0.560 

3432 

4263 

0.424 

0.467 

0 

3 520 

0.350 

0.541 
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figure  7.6  Example  7,1. 


For  <Tt)  — lOGkN/m2  and  a\  — 200  kN/m-, 
ec,  =0,845  and  a = 0,808 
and  l hereto  re 

ntr  — ktz  x . — 2,0  x 10-4  m“/kN  — 0.20m“/MN 

1 .S45  MM) 

For  flj,  = l000kN/m“  and  = l5G0kN/nr, 
en  — 0,632  and  — 0,577 
and  1 hereto  re 

mv  = x " ' = 6.7  x 10_"  m'/kN  = 0.067  nrr/MN 

and 


_ 0.632-0.577  0.055 

c “ log (1500/ 1000}  “ 0.176  ~~ 

Nole  that  C’c  will  be  ihe  same  tor  any  stress  range  on  the  linear  part  of  the  e— log  a’ 
curve;  mv  will  vary  according  to  the  stress  range,  even  for  ranges  on  the  linear  part  of 
the  curve. 
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Consolidation  Settlement 


If  mv  and  A <rf  arc  assumed  constant  with  depth,  then 
sc  = m^Acr'H 


or 


■?c 


I + 


or,  in  the  case  of  a normally  consolidated  clay. 


■A 


Cc  lo gOi/P  H 

l + 


Figure  7.7  Consolidation  settlement. 
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Degree  of  Consolidation 

For  an  element  of  soil  at  a particular  depth  z in  a day  layer  the  progress  of  the 
consolidation  process  under  a particular  total  stress  increment  can  be  expressed  in 
terms  of  void  ratio  as  follows: 

„ , eo  —e 

Uz  = — 


where  Uz  is  defined  as  the  degree  of  consolidation,  at  a particular  instant  of  lime,  at 
depth  z (0  < t/z  < 1),  and  <?q  = void  ratio  before  the  start  of  consolidation,  e\  = void 
ratio  at  the  end  of  consolidation  and  e = void  ratio,  at  the  time  in  question,  during 
consolidation. 

If  the  e—al  curve  is  assumed  to  be  linear  over  the  stress  range  in  question,  as  shown 
in  Figure  7.15,  the  degree  of  consolidation  can  be  expressed  in  terms  of  r/: 

(f  — (t! 

i j _ u 

uz  — — — — £ 

17 1 — vq  Tv  = a dimensionless  number  called  the  time  fact 

d~ 


Figure  7. 15  Assumed  linear  e—a1  relationship. 
The  degree  of  consolidation  can  then  be  expressed  as 

_ »[  ~ _ 1 _ »e 

U[  U[ 
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Figure  7.17  Isochrones. 
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for 

V < 0.60, 

7“*  ^ y j2 

rv  =-l 

for 

U > 0.60, 

7'v  = -0.933  log(l  - V)  - 0.085 
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Figure  7.19  Initial  variations  of  excess  pore  water  pressure. 
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